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INTRODUCTION 


The  aim  of  the  program  is  to  establish  at  the  University  of  Texas  Health  Science  Center  in  San 
Antonio  an  in-depth  training  program  in  the  Molecular  Genetics  of  Breast  Cancer.  An  important 
goal  of  the  program  is  to  train  highly  qualified  Ph.D.  students  in  the  genetic,  cellular,  and 
molecular  basis  of  Breast  Cancer.  Toward  these  ends,  the  program  has  been  extremely 
successful.  Based  on  the  publication  record  of  our  trainees,  our  expectation  for  significant 
discoveries  is  being  realized.  During  the  reporting  period,  students  supported  by  the  training 
program  achieved  a  total  of  1 0  publications  relevant  to  breast  cancer. 

The  training  program  is  administered  within  the  Molecular  Medicine  Ph.D.  Program  by  a  select 
group  of  faculty  whose  research  projects  are  relevant  to  breast  cancer.  An  additional  goal  of  the 
program  is  to  promote  synergistic  interactions  between  the  various  laboratories  engaged  in 
breast  cancer  research.  An  important  meeting  was  the  Annual  Breast  Cancer  Symposium  held 
in  San  Antonio.  All  students  supported  by  the  program  are  required  to  attend.  Finally,  an 
outstanding  Molecular  Medicine  Seminar  Series  sponsored  by  the  Department  of  Molecular 
Medicine  is  also  a  requirement  for  all  trainees.  The  following  seminars  in  this  series  were 
pertinent  to  breast  cancer: 


•  Fall  Semester:  2002 

Anindya  Dutta  "p21  and  geminin:  Lessons  from  two  inhibitors  of  the  cell- 

cycle” 

Tim  G.  Formosa  "Getting  the  FACTs  on  chromatin:  How  polymerases 

manage  nucleosomes" 

Michael  A.  Resnick  "DNA  double-strand  breaks:  An  endless  pursuit" 

Eric  E.  Alani  "Mismatch  repair  proteins:  Are  they  just  spellcheckers?" 

Scott  N.  Keeney  "Initiating  meiotic  recombination  in  yeast  and  mouse" 

Carl  Wu  "ATP-dependent  chromatin  remodeling  protein  complexes 

for  transcription" 

Peter  M.  J.  Burgers  "Rings  around  the  DNA:  A  family  of  sliding  clamps  in 

DNAmetabolism" 

Erica  S.  Johnson  "Factors  that  control  protein  modification  by  SUMO" 

Chawnshang  Chang  "Androgen  receptor  and  androgen  receptor  coregulators  in 

prostate  cancer" 

Rolf  Sternglanz  "Studies  on  transcriptional  silencing  in  yeast" 

Vicki  Lundblad  “Recruitment  of  multiple  complexes  to  the  chromosome 

terminus" 
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Spring  Semester:  2003 
Gerald  R.  Smith 

Debu  Chakravarti 

Benoit  deCrombrugghe 
Vincent  Chau 

Helen  Hansma 

Patrick  J.  Concannon 

Kerry  Bloom 
Eileen  Adamson 

Michael  Christman 
Antonio  lavarone 
Anthony  Firulli 

Mirit  Aladjem 


“Meiotic  recombination  in  S.  pombe:  Hotspots,  DNA  breaks 
and  remote  control" 

"Hormones,  HATs,  and  INHAT:  Roles  in  circadian  timing 
and  transcriptional  regulation" 

“Transcriptional  controls  in  formation  of  the  skeleton” 

“Mechanism  underlying  proteasome  inhibition  in  cancer 
therapy” 

“The  atomic  force  microscope  and  molecular  force  probes 
as  tools  for  molecular  medicine” 

“Identifying  genes  for  human  inherited  radiation  sensitivity 
disorders” 

“Dynamics  of  DNA  repair  in  live  cells” 

“High  throughput  methods  to  identify  targets  of  Early 
Growth  Responses  gene  1  (EGR1)” 

“Molecular  events  in  genome  instability” 

“Id2  in  development  and  cancer” 

“Transcriptional  control  of  specification  and  differentiation: 
a  ‘HANDFUL’  of  factors” 

“Initiation  of  DNA  replication  in  mammalian  cell: 
Coordination  of  Sites  and  timing 


Breast  CancerResearch  PrQ3rams  and  Faculty. 

One  of  the  major  strengths  of  the  program  is  the  high  quality  of  the  Program  faculty,  and  the 
interactive  nature  of  the  Breast  Cancer  research  community  in  San  Antonio,  which  encompass 
scientists  and  physicians  studying  different  aspects  of  breast  cancer  and  cancer  therapy,  as  well 
as  fundamental  mechanisms  of  to  maintain  genomic  stability,  cell  growth,  differentiation  and 
molecular  genetics.  These  faculty  groupings  are  listed  below;  detailed  descriptions  of  individual 
research  programs  were  included  in  the  original  application. 


Breast  Cancer  Research  Training,  Faculty 

W.-H.  Lee,  Ph.D.  (Director,  Note:  Dr.  Lee  recently  moved  his  laboratory  to  UC  Irvine  - 
see  comments  in  changes  to  faculty). 

C.  Kent  Osborne,  M.D.  (Co-Director) 
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Powell  H.  Brown,  M.D.,  Ph.D. 

Peter  O’Connell,  Ph.D. 

Gary  M.  Clark,  Ph.D. 

Suzanne  Fuqua,  Ph.D. 

Alan  Tomkinson,  Ph.D. 

E.  Lee,  Ph.D.  Note:  Dr.  Lee  recently  moved  her  laboratory  to  UC  Irvine  -  see  comments 
in  changes  to  faculty 

Z.  Dave  Sharp,  Ph.D.  (Note:  Appointed  Director  as  of  July,  2003) 

Patrick  Sung,  Ph.D. 

Greg  R.  Mundy 
Bettie  Sue  Masters,  Ph.D. 

Bandana  Chatterjee,  Ph.D. 

Arun  K.  Roy,  Ph.D. 

Judy  M.  Teale,  Ph.D. 

Peter  M.  Ravdin,  M.D.  Ph.D. 

Phang-Lang  Chen,  Ph.D 
Renee  Yew,  Ph.D. 

Tom  Boyer,  Ph.D. 

Maria  Gazynska,  Ph.D. 

Paul  Hasty,  DVM 
Jan  Vijg,  Ph.D. 

Tadayoshi  Bessho,  Ph.D. 

Sang  Eun  Lee,  Ph.D. 

Hai  Rao,  Ph.D. 


Relationship  between  the  Breast  Cancer  Training.  Program  and  the  Molecular  Medicine 
Graduate  Ph.D.  Program. 

The  Breast  Cancer  Training  Program  was  implemented  within  the  context  of  the  Molecular 
Medicine  Graduate  Ph.D.  Program.  The  Molecular  Medicine  Ph.D.  Program  is  an 
interdisciplinary  Ph.D.  training  program  in  the  Graduate  School  of  Biomedical  Sciences  at  the 
UTHSCSA.  For  the  academic  year  2002-03,  there  were  a  total  of  49  Ph.D.  students  enrolled  in 
the  Molecular  Medicine  Program. 

The  Breast  Cancer  Training  program  takes  advantage  of  the  internationally  recognized  breast 
cancer  research  programs  existing  in  the  institution  for  many  years,  and  offers  a  unique 
opportunity  for  students  interested  in  starting  careers  in  breast  cancer  research.  The 
participating  scientists  in  this  breast  cancer  program  represent  diverse  departments  including 
the  Divisions  of  Medical  Oncology  and  Endocrinology  in  the  Department  of  Medicine,  and  the 
Departments  of  Cellular  and  Structural  Biology,  and  Biochemistry.  In  addition,  the  University  of 
Texas  Institute  of  Biotechnology  and  the  San  Antonio  Cancer  Institute  (SACI),  an  NIH- 
designated  Cancer  Center,  represent  outstanding  resources  for  training  opportunities  in  clinical 
and  basic  science  research.  The  national  and  international  reputation  of  the  participating  faculty 
serve  to  attract  a  large  number  of  excellent  applicants  to  the  breast  cancer  research  track  in  the 
Molecular  Medicine  program. 

The  rationale  for  administering  the  breast  cancer  training  program  in  the  Molecular  Medicine 
Ph.D.  program  remains  based  on  several  important  criteria:  (1)  The  Molecular  Medicine 
curriculum  is  specifically  designed  to  provide  basic  science  training  while  integrating 
fundamental  principles  of  molecular  biology  with  modern  medicine.  A  Molecular  Medicine  Core 
course  provides  students  with  the  mechanisms  underlying  human  disease  and  provides 
intensive  review  of  specific  diseases  (including  breast  cancer)  that  may  serve  as  models  for  how 
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human  diseases  can  be  studied  at  the  molecular  genetic  level.  (2)  The  Molecular  Medicine 
program  requires  the  participation  of  both  clinical  and  basic  scientists  in  the  training  process. 
The  inclusion  of  MDs  on  all  student  advisory  committees  insures  that  every  graduate  of  the 
program  has  a  clear  perspective  on  the  clinical  relevance  of  the  basic  research  in  their  program 
that,  in  most  instances,  will  serve  as  a  guide  for  the  project.  (3)  The  Molecular  Medicine 
program  is  an  interdepartmental,  interdisciplinary  program  that  offers  flexibility  to  students  in 
terms  of  research  laboratories,  advisors  and  committee  members.  This  arrangement  offers  a 
real  potential  for  synergism  in  breast  cancer  research  not  possible  in  traditional  department- 
bound  programs.  In  summary,  the  Ph.D.  program  in  Molecular  Medicine  offers  a  near  perfect 
environment  for  Ph.D.  training  in  breast  cancer  and  has  attracted  many  well-qualified  applicants. 

Research  Support  forProgram  Faculty 

An  essential  component  of  maintaining  a  successful  and  aggressive  training  program  in  Breast 
Cancer  Research  is  the  continued  research  funding  of  the  individual  Program  Faculty 
laboratories.  The  faculty  has  been  extremely  successful  in  obtaining  research  funding,  including 
over  $12  million  in  total  direct  costs  for  the  2002-2003  reporting  period. 

Kev  Research  Accomplishments: 

Research  grants  awarded  to  members  of  the  faculty  by  the  Defense  Department’s  Breast 
Cancer  Research  Program  (BCRP). 

Tom  Boyer,  Ph.D.,  Career  Development  Award 

Project  Title:  Regulation  of  BRCA1  function  by  DNA  damage-induced  site-specific 
phosphorylation. 

Project  Period:  05/15/02  -  06/15/06 
Project  Total:  $176,516  Total  for  entire  project 

Considerable  evidence  implicates  DNA-damage-induced  site-specific  phosphorylation  of 
BRCA1  as  a  critical  regulator  of  its  caretaker  properties.  Dr.  Boyer  hypothesizes  that  DNA 
damage-induced  site-specific  phosphorylation  of  BRCA1  regulates  its  transcription  and/or  DNA 
double-strand  break  repair  activities. 


Tom  Boyer,  Ph.D.,  Idea  Award 

Project  Title:  Regulation  of  BRCA1  function  by  DNA  damage-induced  site-specific 
phosphorylation. 

Project  Period:  04/01/01  -  03/31/04 
Project  Total:  $414,599  Total  for  entire  project 

Considerable  evidence  implicates  DNA-damage-induced  site-specific  phosphorylation  of 
BRCA1  as  a  critical  regulator  of  its  caretaker  properties.  Dr.  Boyer  hypothesizes  that  DNA 
damage-induced  site-specific  phosphorylation  of  BRCA1  regulates  its  transcription  and/or  DNA 
double-strand  break  repair  activities. 
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Phang-Lang  Chen,  Ph.D.,  Idea  Award 

Project  Title:  BRCA2  and  the  DNA  double  strand  break  repair  machinery 

Project  Period:  10/01/99  - 10/31/02  (obtained  one-year  no  cost  extension  to  10/31/03) 

Project  Total:  $304,500 

To  understand  the  cellular  function  of  BRCA2,  and  to  elucidate  its  role  in  the  development  and 
progression  of  breast  cancer. 


Phang-Lang  Chen,  Ph.D.,  Idea  Award 

Project  Title:  Small  chemical  molecules  disrupt  BRCA2  and  Rad51  interaction  for  adjuvant  BC 
Project  Period:  04/01/01  -05/31/04 
Project  Total:  $433,500  . 

To  isolate  small  molecules  which  disrupt  the  interactions  between  BRCA2  and  Rad51  using 
reverse  yeast  two-hybrid  screening.  To  evaluate  the  ability  of  the  identified  molecules  to 
sensitize  cultured  breast  cancer  cells  to  the  genotoxic  and  cytotoxic  effects  of  ionizing  radiation; 
and  to  assess  the  efficacy  of  the  small  molecules  as  adjuvant. 


Maria  Gaczynska,  Ph.D.,  Idea  Award 

Project  Title:  Molecular  characteristics  of  multicorn,  a  new  large  proteolytic  assembly  and 
potential  anticancer  drug  target  in  human  breast  cancer  cells 

Project  Period:  04/01/01  -  03/31/04 

Project  Total:  $324,056 

The  goal  of  this  project  is  to  clone  and  express  the  gene  of  human  multicorn  monomer,  study 
the  mechanism  controlling  the  multicorn  activity  through  its  oligomerization  and  phosphorylation, 
and  test  molecular  characterization  of  the  multicorn  at  different  stages  of  the  cell  cycle. 


Paul  Hasty,  DVM,  Idea  Award 

Project  Title:  Development  of  anti-cancer  therapeutics  that  modulate  the  RAD51-BRCA2 
complex. 

Project  Period:  02/15/02  -  02/14/05 
Project  Total:  $436,500 

RAD51  is  important  for  repairing  double-strand  breaks  in  DNA  by  recombination;  interestingly, 
this  function  is  likely  to  be  essential  since  mammalian  cells  deleted  for  RAD51  exhibit 
chromosomal  instability,  are  unable  to  sustain  proliferation  and  senesce  or  die.  Our  specific 
aims  are:  characterize  antp-26mer  for  biological  activity  on  tissue  culture  cells,  perform  a 
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deletion  and  substitution  analysis  on  the  antp-26mer,  and  test  peptides  for  potential  as  anti¬ 
cancer  therapeutics  in  mice. 


Patrick  Sung,  Ph.D.,  Career  Development  Award 

Project  Title:  Interactions  among  BRCA1 ,  BRCA2  &  components  of  the  recombination 
machinery 

Project  Period:  06/01/98  -  05/31/03 
Project  Total:  $200,000 

The  main  goal  of  this  project  is  to  purify  BRCA1  and  BRCA2  and  study  their  biochemical 
properties. 

(Note:  Dr.  Sung  relocated  to  Yale  University  in  2003) 

Patrick  Sung,  Ph.D.,  Idea  Award 

Project  Title:  BRCA2  &  components  of  the  recombination  machinery 
Project  Period:  06/01/98  -  05/31/03 
Project  Total:  $303,31 1 

The  main  goal  of  this  project  is  to  purify  BRCA1  and  BRCA2  and  study  their  biochemical 
properties. 

(See  Note  above) 


Renee  Yew,  Ph.D.,  Career  Development  Award 

Project  Title:  The  role  of  BRCA1 -dependent  ubiquitination  in  Breast  Cancer 
Project  Period:  06/01/02  -  05/31/04 
Project  Total:  $1 81 ,960 

Mutational  inactivation  of  the  BRCA1  gene  accounts  for  a  large  percentage  of  hereditary  breast 
cancer.  Although  the  BRCA1  gene  product  has  been  implicated  to  function  in  a  number  of 
different  cellular  processes  including  DNA  repair  and  transcription,  it  is  still  unclear  how  BRCA1 
biochemically  mediates  its  cellular  function  as  a  tumor  suppressor  protein.  It  has  been 
suggested  that  the  BRCA1  gene  product  functions  as  an  ubiquitin  protein  ligase  or  E3  enzyme 
in  a  manner  similar  to  a  growing  number  of  proteins  that  comprise  a  family  of  ring  finger 
proteins.  If  this  putative  E3  activity  of  BRCA1  can  be  shown  to  be  a  physiological  function  of  full 
length  BRCA1  in  the  cell,  this  could  greatly  aid  in  determining  the  molecular  mechanisms  by 
which  BRCA1  mediates  its  cellular  function. 


Renee  Yew,  Ph.D.,  Idea  Award 

Project  Title:  The  role  of  BRCA1 -dependent  ubiquitination  in  Breast  Cancer 


9 


Sharp,  Zelton  D.,  Ph.D. 


Project  Period:  04/01/01  -  03/31/04 
Project  Total:  $41 1 ,006 

Mutational  inactivation  of  the  BRCA1  gene  accounts  for  a  large  percentage  of  hereditary  breast 
cancer.  Although  the  BRCA1  gene  product  has  been  implicated  to  function  in  a  number  of 
different  cellular  processes  including  DNA  repair  and  transcription,  it  is  still  unclear  how  BRCA1 
biochemically  mediates  its  cellular  function  as  a  tumor  suppressor  protein.  It  has  been 
suggested  that  the  BRCA1  gene  product  functions  as  an  ubiquitin  protein  ligase  or  E3  enzyme 
in  a  manner  similar  to  a  growing  number  of  proteins  that  comprise  a  family  of  ring  finger 
proteins.  If  this  putative  E3  activity  of  BRCA1  can  be  shown  to  be  a  physiological  function  of  full 
length  BRCA1  in  the  cell,  this  could  greatly  aid  in  determining  the  molecular  mechanisms  by 
which  BRCA1  mediates  its  cellular  function. 

Tadayoshi  Bessho,  Ph.D.,  Idea  Award 

Project  Title:  Biochemical  Characterization  of  BRCA2 

Project  Period:  04/01/03  -  03/31/06 

Project  Total:  $414,1 15 

Nearly  one  third  of  the  familial  breast  cancer  patients  have  mutations  in  BRCA2  gene. 
Accumulating  evidence  implicate  that  BRCA2  functions  in  the  maintenance  of  genomic  stability. 
However,  the  molecular  mechanism  of  tumor  suppressor  function  of  BRCA2  has  not  been 
understood  yet,  largely  due  to  the  lack  of  biochemical  studies.  Biochemical  purification  of 
BRCA2  will  provide  valuable  insights  into  the  functional  role  of  BRCA2. 

A  deficiency  of  BRCA2  results  in  the  hypersensitivity  to  a  DNA  crosslinking  agent,  mitomycin  C 
(MMC),  implicating  a  critical  role  of  BRCA2  in  crosslink  repair.  Our  hypothesis  is  that  BRCA2 
functions  as  a  multi-protein  complex  in  crosslink  repair,  which  is  distinct  from  the  previously 
isolated  BRCA2  complex.  We  will  purify  a  BRCA2  DNA  repair  complex  using  a  cell  free 
crosslink  repair  assay,  which  monitors  removal  of  a  psoralen  crosslink  in  a  defined  substrate.  By 
complementing  a  defect  of  crosslink  removal  activity  in  the  extract  from  BRCA2  deficient  cells 
with  fractionated  proteins  from  HeLa  cells,  we  will  isolate  a  functional  and  stoichiometric  BRCA2 
DNA  repair  complex.  We  will  identify  the  components  of  the  complex.  The  information  obtained 
in  this  proposal  will  provide  fundamentals  to  understand  the  regulation  of  the  BRCA2  DNA 
repair  complex  during  the  cell  cycle  and  after  DNA  damage  and  will  reveal  a  link  between  DNA 
repair  and  the  other  cellular  functions  of  BRCA2. 
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Predoctoral  Breast  Cancer  Research  Awards  to  Supported  Trainees 

Predoctoral  training  grants  awarded  to  current  trainees  by  the  Defense  Department’s  Breast 
Cancer  Research  Program  (BCRP): 


Sean  Post,  training  in  Dr.  E.  Lee’s  laboratory. 

Project  Title:  Phosphorylation  of  hRad17  by  ATR  is  required  for  cell  cycle  checkpoint  activation 
Project  Period:  04/01/02  -  03/31/04 
Total  Award:  $61,342 

The  goal  of  this  study  is  to  determine  the  relationship  between  ATR,  hRad17,  Chk2,  and  BRCA1 
and  demonstrate  how  these  potential  protein  networks  regulate  checkpoint  activation.  Based  on 
the  reuqirement  of  SpRad3  and  SpRad17  for  checkpoint  activation  through  SpCdsI  in  fission 
yeast  and  the  ability  of  Chk2  to  phosphorylate  BRCA2  Ser988  in  humans,  it  is  my  hypothesis 
that  ATR  mediated  phosphorylation  of  hRad17  is  required  to  activate  cell  cycle  checkpoints, 
through  Chk2  and  BRCA1 . 


Stefan  Sigurdsson,  training  in  Dr.  Patrick  Sung’s  laboratory. 

Project  Title:  Functions  of  Human  Rad51  and  Other  Recombination  Factors  In  DNA  Double- 
Strand  Break  Repair. 

Project  Period:  06/01/01  -  05/31/04 

Total  Award:  $66,000 

Homologous  recombination  and  recombinational  repair  of  DNA  double-strand  breaks  are 
mediated  by  proteins  of  the  RAD52  epistasis  group.  Rad51  is  a  key  factor  in  these  processes 
and  the  protein  can  assemble  on  ssDNA  substrates  to  form  a  nucleoprotein  filament.  With  the 
help  from  other  factors,  the  Rad51-ssDNA  nucleoprotein  filament  searches  for  a  DNA  homlog 
and  catalyzes  formation  of  a  heteroduplex  DNA  joint  with  the  homolog.  The  biochemical 
reaction  that  forms  heteroduplex  DNA  joints  is  called  Dhomologous  DNA  pairing  and  strand 
exchange.  A  number  of  Rad51-like  proteins  are  known  in  human  cells,  but  their  function  in 
recombination  and  DNA  repair  is  currently  unknown.  I  have  shown  that  two  of  these  Rad51-like 
proteins,  Rad51B  and  Rad51C,  are  associated  in  a  stable  heterodimer.  I  will  further  define  the 
homologous  DNA  pairing  and  strand  exchange  activity  of  human  Rad51.  In  addition,  a  variety  of 
experiments  will  be  conducted  to  test  the  hypothesis  that  the  Rad51B-Rad51C  complex 
promotes  the  assembly  of  the  Rad51-ssDNA  nucleoprotein  filament  and  enhances  the  efficiency 
of  Rad51 -mediate  d  homologous  DNA  pairing  and  strand  exchange.  The  information  garnered 
from  this  study  should  contribute  significantly  to  our  understanding  of  how  DNA  double-strand 
breaks  are  repaired  in  human  cells. 


Xining  Zhu,  training  in  Dr.  Renee  Yew’s  laboratory. 

Project  Title:  Identification  and  Characterization  of  the  BRCA1  Ubiquitin 


11 


Sharp,  Zelton  D.,  Ph.D. 


Project  Period:  05/01/03  -  04/30/06 
Project  Total:  $90,000 

Identification  and  Characterization  of  the  BRCA1  Ubiquitin  Ligase  and  its  Substrates 

The  Breast  Cancer  susceptibility  gene  1,  BRCA1 ,  is  an  1863  amino  acid,  220  kilodalton  (Kd) 
nuclear  phosphoprotein  that  is  frequently  mutated  in  inherited  breast  and  ovarian  cancer.  The 
functional  domains  of  BRCA1  interact  with  a  variety  of  proteins,  directly  or  indirectly  implicating 
BRCA1  to  function  in  a  number  of  different  cellular  processes  including  cellular  proliferation 
during  embryogenesis,  homologous  recombination,  transcription-coupled  repair,  double-strand 
break  repair,  transcriptional  regulation,  and  functions  as  a  tumor  suppressor  protein.  However,  it 
is  unclear  how  BRCA1  mediates  its  normal  function  in  the  cell  or  how  its  multiple  functions  are 
coordinated.  Germline  mutations  in  BRCA1 ,  including  the  ring  finger  domain,  predispose  women 
to  breast  and  ovarian  cancers.  Within  the  last  year,  the  highly  conserved  ring  finger  domain  of 
BRCA1  has  been  shown  to  exhibit  E3  ubiquitin  ligase  activity  in  vitro  and  in  vivo  with  non¬ 
specific  model  substrates  in  a  manner  similar  to  a  growing  number  of  proteins  that  comprise  the 
family  of  ring  finger  proteins.  It  has  also  been  shown  that  the  cancer  predisposing  ring  finger 
mutations  disrupt  this  ubiquitin  ligase  activity  of  BRCA1  both  in  vitro  and  in  vivo.  This 
ubiquitinating  activity  of  BRCA1  has  only  recently  been  discovered.  How  this  biochemical 
activity  of  BRCA1  may  mediate  the  functions  of  BRCA1  in  breast  cancer  prevention  has  yet  to 
be  addressed.  If  this  putative  E3  activity  of  BRCA1  can  be  shown  to  be  a  physiological  function 
of  full  length  BRCA1  in  the  cell,  this  could  greatly  aid  in  determining  the  molecular  mechanism 
by  which  BRCA1  mediates  its  cellular  function.  Based  on  results  showing  that  the  ring  finger 
domain  of  BRCA1  possesses  ubiquitin  protein  ligase  activity,  our  hypothesis  is  that  BRCA1 
mediates  its  biological  function  by  targeting  proteins  for  ubiquitination. 

Dr.  Yew’s  laboratory  proposes  that  BRCA1  affects  the  ubiquitination  of  proteins  involved  in  DNA 
repair  or  regulators  of  growth  proliferation,  leading  either  to  their  degradation  or  to  an  alteration 
of  activity.  The  specific  aims  proposed  here  will  address  the  physiological  significance  of  a 
BRCA1  E3  activity,  potential  BRCA1  target  substrates,  and  the  significance  of  a  BRCA1  E3 
activity  to  breast  cancer  biology.  The  specific  aims  of  this  study  are:  (1)  To  develop  an  in  vitro 
ubiquitination  assay  using  full  length  BRCA1  and  BRCA1 -associated  RING  domain  1  protein 
(BARD1)  proteins;  (2)  To  identify  potential  BRCA1  substrates  and  to  study  the  biological 
significance  of  the  BRCA1 -dependent  ubiquitination  of  substrates.  These  studies  will  examine 
the  ubiquitination  of  proteins  in  an  extract  by  utilizing  either  baculovirus  expressed  and  purified 
full  length  wild  type  and  ring  finger  mutant  of  BRCA1 ,  full  length  BARD1  or  immunoprecipitated 
full  length  wild  type  and  ring  finger  mutant  of  BRCA1  and  BARD1  from  stable  cell  lines  in 
association  with  El  and  E2  proteins.  Next,  Ms.  Zhu  will  study  the  predicted  targets  of  BRCA1  for 
BRCA1 -dependent  ubiquitination.  Predicted  targets  of  BRCA1  ubiquitination  include  BRCA1- 
associated  proteins  and  putative  functional  targets  of  BRCA1  such  as  the  estrogen  receptor 
alpha  (ERalpha)  and  RNA  Polymerase  II.  Ms.  Zhu  will  use  in  vitro  ubiquitination  assays  with 
35S-Methionine  labeled  putative  substrate  and/or  an  immunoprecipitated  putative  substrate 
from  the  stable  cells  expressing  wild  type  and  ring  finger  mutant  of  BRCA1  and  BARD1  to 
determine  which  substrate  proteins  are  ubiquitinated  by  full  length  BRCA1.  Ms.  Zhu  will  also 
determine  in  vivo  using  the  stable  cells  expressing  wild  type  and  ring  finger  mutant  of  BRCA1  or 
BARD1  which  substrates  are  ubiquitinated  in  a  BRCA1 -dependent  manner.  By  virtue  of  more 
stable  interactions  with  the  substrates,  the  ring  finger  mutant  of  full  length  BRCA1 ,  devoid  of  E3 
activity,  will  also  be  used  to  identify  putative  BRCA1  substrates.  Once  it  is  determined  that  a 
substrate  is  ubiquitinated  in  a  BRCA1 -dependent  manner,  the  turnover  of  these  BRCA1 
substrates  will  be  studied  in  vivo  using  the  BRCA1  -/-  and  BRCA1  +/+  mouse  embryonic 
fibroblast  (MEF)  cells.  A  bonafide  BRCA1  substrate  is  expected  to  have  an  extended  half-life  in 
vivo  in  the  absence  of  BRCA1 .  Ms.  Zhu  will  also  examine  the  turnover  of  BRCA1  substrates  in 
non-cancerous  versus  BRCA1  mutated  breast  cancer  cells  to  understand  how  the  E3  activity  of 
BRCA1  contributes  to  the  prevention  of  cancer  and  especially  breast  cancer. 
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This  study  addresses  a  highly  novel  putative  activity  of  BRCA1  that  could  have  a  large  impact 
on  our  understanding  of  familial  breast  cancer  development.  It  is  Dr.  Yew’s  laboratory’s  hope 
that  these  studies  will  identify  a  previously  uncharacterized  biochemical  activity  of  BRCA1  in  the 
cell  and  several  important  targets  of  this  BRCA1  activity.  This  discovery  could  not  only  alter  the 
manner  in  which  all  future  studies  are  directed  on  the  function  of  BRCA1  in  the  cell,  but  could 
also  open  many  new  avenues  for  the  development  and  implementation  of  drugs  for  the 
treatment  of  breast  cancer. 

This  project  has  obvious  direct  relevance  to  breast  cancer  and  Dr.  Yew  is  one  of  the  world’s 
experts  in  this  important  area  of  research.  This  is  an  important  new  function  of  the  BRCA1 
tumor  suppressor,  with  a  clear  potential  for  translation  into  therapeutic  applications. 


Graduates  During  the  Reporting  Period  (A  description  of  supported  student’s  research 
and  future  plans  is  below) 


Stephen  Van  Komen,  Ph.D.  October  2002 

Stefan  Sigurdsson,  Ph.D.  May  2003 

Ahmad  Utomo,  Ph.D.  March  2003 

Song  Zhao,  Ph.D.  May  2003 

Reportable  Outcomes 

Supported  Trainees ,  Research  Description  and  Publications 

The  following  outstanding  group  of  trainees  was  supported  on  the  Breast  Cancer  Training 
Program  during: 

Reporting  Period  8/1/02  -  7/31/03 

1.  Bingnan  Gu  (July  1-31,  2003  =  1  month)  NEW  APPOINTEE 

2.  Xianzhi  Jiang  (08/01/02  -  07/31/03) 

3.  Homg-Ru  Lin  (08/01/02  -  06/30/03  =  1 1  months) 

4.  Yi-Tzu  Lin  (08/01/02  -  07/31/03) 

5.  Aimin  Peng  (July  1-31,  2003  =  1  month)  NEW  APPOINTEE 

6.  Wei  Tan  (08/01/02  -  05/31/03  =  10  months) 

7.  Ahmad  Utomo  (08/01/02  -  03/1 1/03) 

8.  Sangeetha  Vijayakumar  (08/01/02  -  05/31/03  =  10  months) 

9.  Guikai  Wu  (08/01/02  -  02/28/03  =  7  months)  he  was  on  LOA  from  3/1/03  through  7/31/03 
due  to  visa/passport  complications  in  China 

10.  Haiying  Zhou  (09/01/02  -  04/30/03  =  8  months) 


The  accomplishments  of  these  students  and  their  mentors  are  outstanding  examples  of  how 
small  investments  in  student  training  can  be  amplified  in  programs  grounded  in  excellence. 


The  2002-2003  academic  year  marks  the  tenth  full  year  of  operation  for  the  Molecular  Medicine 
Ph.D.  Program,  and  is  the  eighth  year  for  the  Training  Program  in  the  Molecular  Basis  of  Breast 
Cancer  Research.  The  availability  of  highly  qualified  applicants  to  the  Molecular  Medicine 
Program  was  excellent.  Overall,  86  applications  were  received  for  admission  to  the  Fall  2002 
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entering  class.  Fourteen  new  students  began  classes  in  August  of  2002.  The  total  number  of 
students  at  the  start  of  the  Fall  semester  2002  in  the  Molecular  Medicine  Ph.D.  Program  at  all 
levels  was  49,  which  includes  23  women,  and  3  underrepresented  minority. 


Project  Summaries  and  Publications  oL  Ph.D.  Trainees  (past  and  present  supported  by  the 
currently,  active  grant ) 

Note  that  the  Program  Director’s  comments  regarding  each  student’s  research  are  in 
italics  below  each  description. 

David  Levin  Mentor  -  Dr.  Alan  Tomkinson 

DNA  joining  events  are  required  to  maintain  the  integrity  of  the  genome.  Three  human  genes 
encoding  DNA  ligases  have  been  identified.  David  is  identifying  the  cellular  functions  involving 
the  product  of  the  LIG1  gene.  Previous  studies  have  implicated  DNA  ligase  I  in  DNA  replication 
and  some  pathways  of  DNA  repair.  During  DNA  replication,  DNA  ligase  I  presumably  functions 
to  join  Okazaki  fragments.  However,  under  physiological  salt  conditions,  DNA  ligase  I  does  not 
interact  with  DNA.  It  is  Mr.  Levin’s  working  hypothesis  that  DNA  ligase  I  involvement  in  different 
DNA  metabolic  pathways  is  mediated  by  specific  protein-protein  interactions  which  serve  to 
recruit  DNA  ligase  I  to  the  DNA  substrate.  To  detect  proteins  that  bind  to  DNA  ligase  I,  David 
has  fractionated  a  HeLa  nuclear  extract  by  DNA  ligase  I  affinity  chromatography.  PCNA  was 
specifically  retained  by  the  DNA  ligase  I  matrix.  To  confirm  that  DNA  ligase  I  and  PCNA  interact 
directly,  Mr.  Levin  found  that  in  vitro  translated  and  purified  recombinant  PCNA  bind  to  the  DNA 
ligase  I  matrix.  In  similar  experiments,  he  has  shown  that  DNA  ligase  I  interacts  with  a  GST 
(glutathione  S  transferase)-PCNA  fusion  protein  but  not  with  GST.  Using  in  vitro  translated 
deleted  versions  of  DNA  ligase  I,  Mr.  Levin  determined  that  the  amino  terminal  120  residues  of 
this  polypeptide  are  required  for  the  interaction  with  PCNA.  During  DNA  replication  PCNA  acts 
as  a  homotrimer  that  encircles  DNA  and  tethers  the  DNA  polymerase  to  its  template.  He 
showed  that  DNA  ligase  I  forms  a  stable  complex  with  PCNA  that  is  topologically  linked  to  a 
DNA  duplex.  Thus,  it  appears  that  PCNA  can  also  tether  DNA  ligase  I  to  its  DNA  substrate.  A 
manuscript  describing  these  studies  was  published  in  the  Proc.  Natl.  Acad.  Sci.  U.S.A. 

In  addition  to  interacting  with  PCNA,  the  amino  terminal  domain  of  DNA  ligase  I  also  mediates 
the  localization  of  this  enzyme  to  replication  foci.  To  determine  whether  these  are  separable 
functions  David  fine  mapped  the  region  that  interacts  with  PCNA  and,  in  collaboration  with  Dr. 
Montecucco's  group,  the  region  required  for  recruitment  to  replication  foci.  Since  the  same  19 
amino  acids  are  necessary  and  sufficient  for  both  functions  and  the  same  changes  in  amino 
acid  sequence  inactivate  both  functions,  we  conclude  that  DNA  ligase  I  is  recruited  to  replication 
foci  by  its  interaction  with  PCNA.  A  manuscript  describing  these  studies  was  published  in  the 
EMBO  Journal. 

In  recent  studies,  Mr.  Levin  has  a  constructed  a  mutant  version  of  DNA  ligase  I  that  does  not 
interact  with  PCNA.  Importantly  the  amino  acid  substitutions  do  not  affect  the  catalytic  activity  of 
DNA  ligase  I.  By  transfecting  cDNAs  encoding  the  mutant  and  wild  type  DNA  ligase  I  into  a  DNA 
ligase  l-mutant  cell  line,  he  has  demonstrated  the  biological  significance  of  the  DNA  ligase 
I/PC N A  interaction  in  DNA  replication  and  long  patch  base  excision  repair. 

This  project  was  relevant  to  breast  cancer  since  problems  with  DNA  replication  and  repair 
undoubtedly  underlie  the  genomic  instability  associated  with  tumor  formation. 

Dr.  Levin  earned  his  Ph.D.  in  Molecular  Medicine  in  the  summer  of  2000,  and  is  currently 
a  staff  scientist  at  GeneTex,  Inc.,  in  San  Antonio,  Texas. 
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•  John  Leppard  Mentor-  Alan  Tomkinson 

Three  genes,  LIG1,  UG3  and  LIG4,  encoding  DNA  ligases  have  been  identified  in  the 
mammalian  genome.  Unlike  the  UG1  and  LIG4  genes,  there  are  no  homologues  of  the  LIG3 
gene  in  lower  eukaryotes  such  as  yeast.  Biochemical  and  genetic  studies  suggest  that  DNA 
ligase  III  participates  in  base  excision  repair  and  the  repair  of  DNA  single-strand  break.  A 
feature  of  DNA  ligase  III  that  distinguishes  it  from  other  eukaryotic  DNA  ligases  is  a  zinc  finger. 
In  published  studies  we  have  shown  that  this  zinc  finger  binds  preferentially  to  nicks  in  duplex 
DNA  and  allows  DNA  ligase  III  to  efficiently  ligate  nicks  at  physiological  salt  concentrations. 
These  studies  will  be  extended  by  determining  how  the  zinc  finger  of  DNA  ligase  III  binds  to 
DNA  single-strand  breaks  but  does  not  hinder  access  of  the  catalytic  domain  of  DNA  ligase  III  to 
ligatable  nicks.  Furthermore,  we  will  reconstitute  the  base  excision  and  single-strand  break 
repair  pathways  mediated  by  DNA  ligase  III  and  elucidate  the  functional  consequences  of 
interactions  between  DNA  ligase  III  and  other  DNA  repair  proteins  such  as  Xrccl,  DNA 
polymerase  beta  and  poly  (ADP-ribose)  polymerase  that  participate  in  these  repair  pathways. 

Mr.  Leppard’s  research  is  relevant  to  breast  cancer  since  genomic  instability  is  likely  to  be 
involved  at  several  stages  during  the  progression  to  malignant  breast  cancer.  Methods  to 
intervene  and  stabilize  the  genome  could  prevent  progression  and  spread  of  the  disease.  In 
addition,  information  about  DNA  repair  processes  in  normal  and  cancer  cells  may  lead  to  the 
development  of  treatment  regimes  that  more  effectively  kill  cancer  cells  and  minimize  damage 
to  normal  tissues  and  cells. 

Publications: 


Tomkinson,  A.,  and  Leppard,  JB.,  DNA  ligases:  Mechanism  and  function.  Encyclopedia  of 
Biological  Chemistry. 

•  Teresa  Motycka  Mentor  -  Alan  Tomkinson 

DNA  double-strand  break  repair  is  important  for  maintaining  genomic  stability.  If  left  unrepaired, 
these  lesions  may  cause  cell  death.  The  cell  has  evolved  two  major  pathways  for  dealing  with 
these  lesions,  nonhomologous  end-jo  ining  and  homologous  recombination.  Nonhomologous 
end-joining  fuses  the  ends  of  broken  DNA  irrespective  of  the  sequence  at  the  site  of  the  break, 
whereas  homologous  recombination  preserves  the  sequence  at  the  damaged  site  by  using  a 
sister  chromatid  as  a  template  to  copy  the  genetic  information.  Genetic  studies  in  the  budding 
yeast  Saccharomyces  cerevisiae  have  identified  a  number  of  genes  important  in  this  pathway, 
collectively  named  the  RAD52  epistasis  group.  Of  all  of  these  genes,  a  del  etion  in  rad52 
produces  the  most  severe  phenotype.  Mammalian  homologs  of  RAD52  have  been  identified 
and  the  biochemical  activity  of  the  protein  products  is  conserved  from  yeast  to  human.  In  order 
to  gain  further  understanding  of  Rad52  function  in  higher  eukaryotes,  Ms.  Motycka  looked  for 
interacting  proteins  by  affinity  chromatography  and  identified  those  polypeptides  that  were 
specifically  bound  by  the  resin.  She  has  shown  a  direct  interaction  between  XPF,  a  component 
of  a  multifunctional  DNA  structu  re-specific  endonuclease,  with  the  N-terminus  of  hRad52. 
Complex  formation  between  hRad52  and  XPF/ERCC1  concomitantly  stimulates  the  DNA 
structure-specific  endonuclease  activity  of  XPF/ERCC1  and  attenuates  the  DNA  strand 
annealing  activity  of  hRad52.  These  results  are  consistent  with  previous  genetic  studies  and 
provide  a  novel  role  for  hRad52  in  the  modulation  of  XPF/ERCC1  activity.  Ms.  Motycka  is 
currently  examining  the  biological  significance  of  a  second  protein-protein  interaction  identified 
in  our  screen.  Hypersensitivity  to  DNA  damage  results  from  the  deletion  of  the  respective  gene, 
suggesting  we  may  have  identified  a  novel  player  in  Rad52-dependent  DNA  repair. 
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An  understanding  of  the  mechanisms  of  DSB  in  mammalian  cells  is  relevant  to  breast  cancer 
because  the  accumulating  evidence  linking  the  products  of  the  breast  cancer  susceptibility 
genes,  BRCA1  and  BRCA2,  with  DSB  repair. 


•  Suh-Chin(Jackie)  Lin  Mentor  -  Dr.  Eva  Lee 

The  tumor  suppressor  gene,  p53,  is  frequently  mutated  in  human  tumors,  including  breast 
carcinoma.  P53  null  mice  develop  multiple  spontaneous  tumors,  predominantly  lymphoma  and 
sarcoma,  within  the  first  6  months  of  age.  To  establish  a  mouse  model  of  p53-mediated 
mammary  tumor  development,  Ms.  Lin  initiated  a  bigenetic  approach  employing  the  cre-loxp 
system.  Through  gene  targeting  in  embryonic  stem  (ES)  cells,  mice  carrying  floxed  p53  genes 
in  which  exons  5  and  6  are  flanked  by  the  loxp  sequence  were  generated.  A  second  mouse 
line  carrying  a  ere  transgene  under  the  control  of  mouse  mammary  tumor  virus  LTR  (MMTV-cre) 
has  also  been  generated.  Floxed  p53  mice  were  mated  with  MMTV-cre  transgenic  mice  to 
produce  mice  with  p53  inactivation  in  mammary  tissue.  Indeed,  we  observed  p53  excision  in 
the  tissues  of  double  transgenic  mice.  In  addition,  adenoviral  vectors  carrying  ere  recombinase 
are  being  used  to  inactivate  p53.  These  approaches  should  provide  a  mouse  mammary  tumor 
model  for  studies  of  mammary  tumor  progression  resulting  from  p53  mutation  and  for  testing 
therapeutic  interventions  of  mammary  tumorigenesis.  The  resulting  mice  have  demonstrated 
interesting  patterns  of  tumor  development  including  those  of  the  mammary  gland.  These 
animals  will  be  valuable  models  for  testing  new  approaches  to  breast  cancer  treatment  and 
understanding  its  etiology. 

Upon  DNA  damage,  p53  protein  becomes  phosphorylated  and  stabilized,  leading  to  subsequent 
activation  of  cell  cycle  checkpoints.  It  has  been  shown  that  ATM  is  required  for  IR  induced 
phosphorylation  on  Seri  5  residue  of  p53.  Based  on  the  involvement  of  p53  in  mammary 
tumorigenesis  and  on  the  higher  risk  of  ATM  carriers  for  breast  cancer,  we  have  carried  out 
studies  to  address  the  cancer  susceptibility  of  ATM  heterozygous  and  ATM  null  mammary 
epithelial  cells  by  transplanting  mammary  gland  to  wild-type  sibling  mice.  Initial  studies  have 
indicated  differential  checkpoint  and  apoptotic  responses  in  cells  harboring  ATM  mutation. 
These  studies  will  establish  whether  ATM  plays  important  roles  in  mammary  tumorigenesis. 

Both  of  these  projects  are  highly  relevant  to  breast  cancer,  especially  the  Dr.  Lin’s  animal 
models  which  hold  promise  in  terms  of  new  therapies  for  breast  cancer  and  its  metastases. 


Ms.  Lin  successfully  defended  her  dissertation  on  December  18,  2000,  and  continues  as 
a  post-doctoral  fellow  in  Dr.  Lee’s  laboratory  extending  her  work  on  the  development  of 
important  animal  models  for  human  cancer. 


•  Sean  Post  Mentor  -  Dr.  Eva  Lee 

Recent  studies  indicate  that  breast  cancer  susceptibility  genes,  BRCA1  and  BRCA2,  are 
involved  in  DNA  repair.  Cells  harboring  mutations  in  either  gene  are  hypersensitive  to  ionizing 
radiation  (IR).  Extensive  genetic  evidence  in  yeast  indicates  that  DNA  double-stranded  breaks 
are  processed  by  Rad50/Mre11  nuclease  complex.  It  has  also  been  shown  that  in  response  to 
IR,  Rad50  assembles  into  nuclear  foci.  In  mammalian  cells,  such  IR-induced  Rad50  foci  are  not 
observed  in  cells  established  from  Nijmegen  breakage  syndrome  (NBS).  We  and  others  have 
shown  that  the  protein  product  of  gene  mutated  in  NBS,  Nibrin,  forms  a  stable  complex  with 
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Rad50/Mre11  and  the  complex  possesses  nuclear  activity.  The  E.  Lee  laboratory  demonstrated 
that  IR-induced  Rad50  redistribution  requires  ATM  kinase  activity.  Rad50  is  phosphorylated 
upon  IR.  Their  preliminary  studies  indicate  that  such  IR-induced  Rad50  foci  formation  and 
phosphorylation  are  defective  in  A-T  cells.  In  addition,  IR-induced  Rad50  foci  formation  is 
aberrant  in  some  sporadiac  cancers  that  express  normal  ATM,  Rad50,  Mrell,  nibrin,  BRCA1 
and  BRCA2  suggesting  involvement  of  additional  protein  in  this  DNA  damage  response. 

Mr.  Post  characterized  IR-induced  Rad50  phosphorylation.  How  phosphorylation  affects  Rad50 
function  will  be  studied.  In  addition,  cross-linking  experiments  will  be  carried  out  to  investigate 
whether  there  is  defective  Rad50  protein  complex  formation  in  breast  cancer  cells.  These 
studies  will  provide  insights  into  the  role  of  ATM  kinase  cascade  in  the  assembly  of  double- 
stranded  breakage  repair  protein.  Furthermore,  characterization  of  components  in  the  repair 
protein  complex  may  lead  to  the  identification  of  additional  players  involved  in  breast  carcinoma. 

These  projects  are  highly  relevant  to  breast  cancer  since  genomic  instability  is  a  hallmark  of 
cancer  and  is  thought  to  be  a  major  contributor  to  the  tumorigenic  process.  Mr.  Post’s  research 
will  contribute  toward  a  greater  understanding  of  the  mechanisms  responsible  for  maintaining 
genomic  integrity  that  is  undoubtedly  involved  in  breast  cancer  development  and  progression. 

Mr.  Post  successfully  defended  his  dissertation  research  in  July  of  2003,  and  is  in  the 
process  of  revising  his  last  paper  for  publication. 


•  Song  Zhao  Mentor-  Dr.  Eva  Lee 

Mr.  Zhao  worked  on  the  functional  interactions  between  ATM  and  DNA  repair  proteins  with  a 
focus  on  NBS1.  Ataxia-telangiectasia  (A-T)  and  Nijmegen  breakage  syndrome  (NBS)  are 
recessive  genetic  disorders  with  susceptibility  to  cancer  and  similar  cellular  phenotypes.  The 
protein  product  of  the  gene  responsible  for  A-T,  designated  ATM,  is  a  member  of  a  family  of 
kinases  characterized  by  a  carboxy-terminal  phosphatidylinositol  3-kinase-like  domain.  The 
NBS1  protein  is  specifically  mutated  in  patients  with  Nijmegen  breakage  syndrome  and  forms  a 
complex  with  the  DNA  repair  proteins  Rad50  and  Mrell.  Mr.  Zhao  showed  that  phosphorylation 
of  NBS1,  induced  by  ionizing  radiation,  requires  catalytically  active  ATM.  Complexes  containing 
ATM  and  NBS1  exist  in  vivo  in  both  untreated  cells  and  cells  treated  with  ionizing  radiation.  He, 
along  with  others  in  the  lab,  have  identified  two  residues  of  NBS1 ,  Ser  278  and  Ser  343  that  are 
phosphorylated  in  vitro  by  ATM  and  whose  modification  in  vivo  is  essential  for  the  cellular 
response  to  DNA  damage.  This  response  includes  S-phase  checkpoint  activation,  formation  of 
the  NBS1/Mrel1/Rad50  nuclear  foci  and  rescue  of  hypersensitivity  to  ionizing  radiation. 
Together,  these  results  demonstrate  a  biochemical  link  between  cell-cycle  checkpoints  activated 
by  DNA  damage  and  DNA  repair  in  two  genetic  diseases  with  overlapping  phenotypes 

These  projects  have  clear  and  compelling  relevance  to  breast  cancer  since  all  of  the  proteins 
described  are  vital  to  the  “ caretaker ”  function  of  the  DNA  repair  and  response  systems  of  all 
cells,  to  which  mammary  cells  are  especially  dependent.  Dr.  Zhao  made  significant 
contributions  as  a  graduate  student  and  will  undoubtedly  continue  this  level  of  contribution  as  a 
postdoctoral  fellow. 

Dr.  Zhao  recently  obtained  his  Ph.D.,  and  is  continuing  his  training  as  a  postdoctoral 
fellow  in  Dr.  Thomas  Kelly’s  laboratory  at  the  Memorial  Sloan  Kettering  Institute.  Dr.  Zhao 
will  be  working  to  understand  the  regulation  of  DNA  replication. 

Publications: 
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Yuan  SS,  Su  JH,  Hou  MF,  Yang  FW,  Zhao  S,  Lee  EY.  Arsenic-induced  Mrell  phosphorylation 
is  cell  cycle-dependent  and  defective  in  NBS  cells.  DNA  Repair  2002, 1:137-42. 


•  Shang  Li  Mentor  -  Dr.  Wen-Hwa  Lee 

Mutations  of  the  BRCA1  gene  predispose  women  to  the  development  of  breast  cancer.  The 
BRCA1  gene  product  [BRCA1]  is  a  nuclear  phosphoprotein  whose  cellular  function  is  poorly 
understood.  The  C-terminal  region  of  the  BRCA1  protein  contains  an  activation  domain  and  two 
repeats  termed  BRCT  (for  BRCA1  C-terminal).  In  his  recent  work,  Mr.  Li  identified  a  BRCT- 
interacting  protein  previously  identified  as  CtIP,  a  protein  that  interacts  with  the  C-terminal- 
binding  protein  (CtBP)  of  E1A.  Together,  CtIP  and  CtBP  are  postulated  to  form  a  transcription 
corepressor  complex.  The  ability  of  BRCA1  to  transactivate  the  p21  promoter  can  be 
inactivated  by  mutation  of  the  C-terminal  conserved  BRCT  domains.  To  explore  the 
mechanisms  of  this  BRCA1  function,  the  BRCT  domains  were  used  as  bait  in  a  yeast  two-hybrid 
screen.  A  known  protein,  CtIP,  a  co-repressor  with  CtBP,  was  found.  CtIP  interacts  specifically 
with  the  BRCT  domains  of  BRCA1 ,  both  in  vitro  and  in  vivo,  and  tumor-derived  mutations 
abolished  these  interactions.  The  association  of  BRCA1  with  CtIP  was  also  abrogated  in  cells 
treated  with  DNA-damaging  agents  including  UV,  y-irradiation  and  adriamycin,  a  response 
correlated  with  BRCA1  phosphorylation.  The  transactivation  of  the  p21  promoter  by  BRCA1 
was  diminished  by  expression  of  exogenous  CtIP  and  CtBP.  These  results  suggest  that  the 
binding  of  the  BRCT  domains  of  BRCA1  to  CtIP/CtBP  is  critical  in  mediating  transcriptional 
regulation  of  p21  in  response  to  DNA  damage. 

This  project  was  directly  relevant  to  breast  cancer  since  it  involves  the  study  of  a  protein  whose 
function  appears  to  central  to  the  mobilizing  the  response  of  cells  to  DNA  damage. 
Perturbations  in  the  systems  that  maintain  genomic  integrity  underlie  initiation  and  progression 
of  most  cancers,  including  those  of  the  breast. 

Dr.  Li  defended  his  dissertation  in  Fall  of  2000.  He  continues  his  training  as  a  post 
doctoral  fellow  in  the  laboratory  of  Dr.  Elizabeth  Blackburn  in  the  department  of 
biochemistry  and  biophysics  at  the  UCSF.  He  is  working  on  a  novel  cancer  therapy 
involving  a  mutated  telomere  RNA  template. 


•  Qing  Zhong  Mentor  -  Dr.  Wen-Hwa  Lee 

One  of  Mr.  Zhong’s  projects  in  Dr.  Lee’s  laboratory  is  a  study  of  the  tumor  suppressor  protein, 
TSG101.  tsglOl  was  identified  as  a  tumor  susceptibility  gene  by  homozygous  function 
inactivation  of  allelic  loci  in  mouse  3T3  fibroblasts.  To  confirm  its  relevance  to  breast  cancer 
that  was  originally  reported,  antibodies  specific  for  the  putative  gene  product  were  prepared  and 
used  to  identify  cellular  46  kDa  TSG101  protein.  A  full  size  46  kDa  TSG101  protein  was 
detected  in  a  panel  of  10  breast  cancer  cell  lines  and  2  normal  breast  epithelial  cell  lines  with 
the  same  antibodies.  A  full-length  TSG101  mRNA  was  also  detected  using  rtPCR.  These 
results  indicate  that  homozygous  intragenic  deletion  of  TSG101  is  rare  in  breast  cancer  cells.  In 
more  recent  work,  Mr.  Zhong  demonstrated  that  TSG101  is  a  cytoplasmic  protein  that 
translocates  to  the  nucleus  during  S  phase  of  the  cell  cycle.  Interestingly,  TSG101  is  distributed 
mainly  around  the  chromosomes  during  M  phase.  Microinjection  of  antibodies  selective  for 
TSG101  during  G1  or  S  results  in  cell  cycle  arrest  and  overexpression  leads  to  cell  death. 
These  data  indicate  that  neoplastic  transformation  due  to  lack  of  TSG101  could  be  due  to  a 
bypass  of  cell  cycle  checkpoints. 
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Another  more  recent  interest  of  Mr.  Zhong  is  the  role  of  the  breast  tumor  suppressor  BRCA1  in 
cancer  formation.  BRCA1 ,  encodes  a  tumor  suppressor  that  is  mutated  in  familial  breast  and 
ovarian  cancers.  Mr.  Zhong’s  work  showed  that  BRCA1  interacts  in  vitro  and  in  vivo  with  human 
Rad50,  which  forms  a  complex  with  hMrel  1  and  p95/nibrin.  BRCA1  was  detected  in  discrete 
foci  in  the  nucleus  that  colocalize  with  hRad50  after  irradiation.  Formation  of  irradiation-induced 
foci  positive  for  BRCA1,  hRad50,  hMrel  1  or  p95  were  dramatically  reduced  in  HCC1937  breast 
cancer  cells  carrying  a  homozygous  mutation  in  BRCA1,  but  was  restored  by  transfection  of 
wild-type  BRCA1.  Ectopic  expression  of  wild-type,  but  not  mutated  BRCA1  in  these  cells 
rendered  them  less  sensitive  to  the  DNA  damage  agent,  methyl  methanesulfonate.  These  data 
suggest  that  BRCA1  is  important  for  the  cellular  responses  to  DNA  damage  that  are  mediated 
by  the  hRad50-hMre1 1-p95  complex. 

Dr.  Zhong’s  work  on  BRCA1  was  highly  relevant  for  breast  cancer  research.  By  understanding 
the  interaction  and  functional  role  of  BRCA1  in  the  DNA  repair  process  could  lead  to  a  greater 
understanding  of  its  role  in  tumorigenesis  and  to  new  forms  of  cancer  therapy  aimed  at 
interactions  with  the  repair  proteins. 

Publications: 

Nijhawan  D,  Fang  M,  Traer  E,  Zhong  Q,  Gao  W,  Du  F,  Wang  X.  Elimination  of  Mcl-1  is  required 
for  the  initiation  of  apoptosis  following  ultraviolet  irradiation.  Genes  Dev.  2003  17(12):1475-86. 

Dr.  Zhong  successfully  defended  his  dissertation  in  November,  2000,  and  obtained  his 
Ph.D.  He  recently  published  additional  work  related  to  his  doctoral  research  as  a 
postdoctoral  fellow  in  Dr.  Wen-Hwa  Lee’s  laboratory.  Dr.  Zhong  is  currently  continuing 
his  training  in  Xiaodong  Wang’s  laboratory  at  the  University  of  Texas  Southwestern 
Medical  Center  at  Dallas,  where  he  is  working  on  the  biochemistry  and  cell  biology  of 
apoptosis. 

As  a  contributing  author  on  the  above  paper  from  Dr.  Wang’s  laboratory,  Dr.  Zhong 
continues  to  add  to  the  knowledge  base  concerning  cellular  responses  to  DNA  damage, 
an  important  component  of  tumorigenesis. 


•  Lei  Zheng  Mentor  -  Dr.Wen-Hwa  Lee 

Lei  accomplished  a  significant  amount  of  work  during  this  training  period.  His  main  goal  was  to 
elucidate  the  molecular  basis  of  genomic  instability  that  occurs  in  most  of  human  cancers 
including  breast  cancer.  He  started  working  on  a  novel  mitotic  phase  specific  protein,  Heel,  by 
demonstrating  that  Heel  interacts  with  retinoblastoma  protein  for  maintaining  the  genomic 
stability  that  was  published  in  Mol.  Cell.  Biol.  (1999).  He  then  developed  a  method  to  examine 
the  level  of  chromosome  instability  by  using  retrovirus  carrying  both  positive  and  negative 
selectable  marker  that  integrated  randomly  into  individual  chromosomes,  and  the  frequency  of 
loss  of  this  selectable  chromosomal  marker  (LOM)  was  measured.  The  results  showed  that 
normal  mouse  embryonic  stem  cells  had  a  very  low  frequency  of  LOM,  which  was  less  than  10- 
8/cell/generation.  In  Rb-/-  mouse  ES  cells,  the  frequency  was  increased  to  approximately  10- 
5/cell/generation,  while  in  Rb+/-  ES  cells,  the  frequency  was  approximately  10-7/cell/generation 
LOM  was  mainly  mediated  through  chromosomal  mechanisms  and  not  due  to  point  mutations. 

These  results  revealed  that  RB  haploinsufficiency  plays  a  critical  role  in  the  maintenance  of 
chromosome  stability.  The  mystery  of  why  RB  heterozygous  carriers  have  early  onset  tumor 
formation  with  high  penetrance  can  be,  at  least,  partially  explained  by  this  novel  activity.  Dr.  Lei 
Zheng  made  very  significant  contributions  toward  this  novel  aspect  with  RB  function. 
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Publications: 

Zheng  L,  Roeder  RG,  Luo  Y.  S  phase  activation  of  the  histone  H2B  promoter  by  OCA-S,  a 
coactivator  complex  that  contains  GAPDH  as  a  key  component.  Cell.  2003  1 14:255-66. 

Dr.  Zheng  successfully  defended  his  Ph.D.  dissertation  in  Novermber,  2000.  Lei  is 
currently  working  on  a  project  involving  regulators  of  gene  transcription  in  Dr.  Robert 
Roeder’s  at  the  I  Laboratory  of  Biochemistry  and  Molecular  Biology,  The  Rockefeller 
University,  New  York.  After  completing  his  postdoctoral  training  in  Dr.  Roeder’s 
laboratory,  Dr.  Zheng  will  begin  an  internal  medicine  residency  program  of  Albert 
Einstein  Medical  College  in  New  York,  beginning  in  July,  2003.  After  that  he  is  planning  to 
do  an  Oncology  subspecialty  fellowship,  all  the  while  using  his  protected  research  time 
in  Dr.  Roeder’s  laboratory.  Dr.  Zheng  will  undoubtedly  continue  to  make  major 
contributions  in  both  basic  and  clinical  science  of  breast  cancer. 

The  above  cited  paper  is  the  product  of  Dr.  Zheng’s  efforts  in  Dr.  Roeder’s  laboratory. 
This  paper  is  a  very  important  contribution  to  our  understanding  of  transcription  factor 
function.  The  paper’s  importance  is  underscored  by  a  perspective  paper  in  the  same 
issue  of  cell  by  Dr.  Steve  McKnight  (Gene  switching  by  metabolic  enzymes-how  did  you 
get  on  the  invitation  list?  Cell.  2003  114:150-2).  Dr.  Zheng  is  clearly  going  to  be  a  very 
significant  biomedical  scientist,  a  further  testament  to  the  value  of  supporting  graduate 
student-based  research  programs. 


•  Horng-Ru  Lin 

BRCA1  or  BRCA2  germline  mutations  predispose  women  to  early  onset,  familial  breast  cancer. 
Current  studies  on  BRCA1  and  BRCA2  suggest  their  roles  in  the  maintenance  of  genome 
integrity.  However,  in  contrast  to  the  clear  studies  of  BRCA1,  there  has  been  very  little 
characterization  of  the  BRCA2  protein  and  evidence  that  speaks  to  a  dynamic  function  of 
BRCA2  in  this  regard.  That  is,  the  intrinsic  biological  nature  of  the  BRCA2  protein  remains 
enigmatic.  Therefore,  this  project  is  to  try  to  reveal  the  physiological  function  of  the  BRCA2 
protein  by  characterizing  its  posttranslational  processing,  such  as  phosphorylation. 

The  novelty  of  the  work  lies  in  the  following.  First,  it  demonstrates  BRCA2  is  a  phosphoprotein 
in  vivo.  Second,  BRCA2  is  hyperphosphorylated  specifically  in  mitosis.  Third,  dephosphorylation 
of  BRCA2  corresponds  to  the  timing  of  cells’  exit  from  mitosis.  These  findings  imply  that  BRCA2 
may  play  an  important  role  in  mitosis.  To  further  characterize  the  phosphorylated  amino  acids  of 
BRCA2  will  provide  fresh  insights  into  functional  study  of  BRCA2,  which  has  obvious  relevance 
to  breast  cancer. 

Publications: 

Lin  HR,  Ting  NS,  Qin  J,  Lee  WH.  M-phase  specific  phosphorylation  of  BRCA2  by  Polo-like 
Kinase  1  correlates  with  dissociation  of  p300/CBP-associated  factor,  P/CAF.  J  Biol  Chem.  2003 
Jun  17.  [Epub  ahead  of  print]. 

Mr.  Lin’s  first  paper  is  a  very  significant  contribution  to  our  understanding  of  BRCA2 
functional  regulation  by  an  important  kinase,  which  regulates  the  cell  cycle. 

Note:  Because  of  personal  issues,  Mr.  Lin  did  not  accompany  Dr.  Wen-Hwa  Lee  when  he 
recently  moved  his  laboratory  to  UC  Irvine.  Mr.  Lin  is  currently  working  in  Dr.  Renee 
Yew’s  laboratory  on  a  project  to  better  understand  regulation  of  the  cell  cycle,  a  critically 
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important  area  in  cancer  biology.  A  description  of  this  research  will  appear  in  the  next 
progress  report. 

•  Stephen  Van  Komen  Mentor -  Dr.  Patrick  Sung 

In  yeast  homologous  recombination,  Rad54,  a  member  of  Swi2/Snf2  family  of  proteins, 
functionally  cooperates  with  the  Rad51  recombinase  in  making  D-loop,  the  first  DNA  joint 
formed  between  recombining  chromosomes.  Mr.  Van  Komen’s  biochemical  studies  have 
indicated  that  yeast  Rad54  modulates  DNA  topology  at  the  expense  of  ATP  hydrolysis, 
producing  extensive  unconstrained  supercoils  in  DNA.  This  supercoiling  ability  is  likely  to  be 
indispensable  for  D-loop  formation.  Given  the  high  degree  of  structural  and  functional 
conservation  among  yeast  and  human  recombination  factors,  Mr.  Van  Komen  hypothesize  that 
human  Rad51  and  Rad54  also  function  together  to  make  D-loop.  This  hypothesis  is  being 
tested  with  human  Rad51  and  Rad54  proteins  purified  from  insect  cells  infected  with 
recombinant  baculoviruses.  In  addition,  whether  human  Rad54  has  ATP  hydrolysis-driven  DNA 
supercoiling  ability  is  also  being  examined. 

Mr.  Van  Komen’s  research  is  directly  relevant  to  breast  cancer  since  double  strand  breaks  in 
DNA  and  their  repair  is  an  issue  pertinent  to  breast  cancer.  Since  the  tumor  suppressor, 
BRCA2,  interacts  with  Rad51,  it  is  critically  important  to  understand  the  biochemistry  of  this 
important  enzyme  in  DNA  repair. 

Wolner  B,  van  Komen  S,  Sung  P,  Peterson  CL.  Recruitment  of  the  recombinational  repair 
machinery  to  a  DNA  double-strand  break  in  yeast.  Mol  Cell.  2003  Jul;12(1):221-32. 

Krejci  L,  Van  Komen  S,  Li  Y,  Villemain  J,  Reddy  MS,  Klein  H,  Ellenberger  T,  Sung  P.  DNA 
helicase  Srs2  disrupts  the  Rad51  presynaptic  filament.  Nature.  2003  May  15;423:305-9. 

Jaskelioff  M,  Van  Komen  S,  Krebs  JE,  Sung  P,  Peterson  CL.  Rad54p  is  a  chromatin 
remodeling  enzyme  required  for  heteroduplex  DNA  joint  formation  with  chromatin.  J  Biol  Chem. 
2003;278(1 1):9212-8. 

Dr.  Van  Komen  continues  as  a  post  doctoral  fellow  in  Dr.  Sung’s  laboratory,  which  has 
recently  moved  to  Yale  University.  The  above  papers  indicate  his  continued 
contributions  to  our  understanding  of  DNA  repair  in  response  to  damage,  which  is  a 
vibrant  area  of  cancer  biology. 

•  Deanna  Jansen 

Ms.  Jansen’s  husband  was  transferred  to  a  new  military  base  and,  for  family  reasons,  she 
decided  to  withdraw  from  the  program.  At  some  point,  she  plans  to  complete  her  Ph.D.  training. 


•  Stefan  Sigurdsson  Mentor  -  Dr.  Patrick  Sung 

The  RAD51  encoded  product  exhibits  structural  and  functional  similarities  to  the  Escherichia  coli 
recombination  protein  RecA.  RecA  promotes  the  pairing  and  strand  exchange  between 
homologous  DNA  molecules  to  form  heteroduplex  DNA.  We  have  shown  that  hRad51  also 
makes  DNA  joints  avidly  and  promotes  highly  efficient  DNA  strand  exchange.  Two  Rad51-like 
proteins,  Rad51B  and  Rad51C,  are  found  associated  in  a  heterodimeric  complex.  We  have  co¬ 
expressed  the  Rad51B  and  Rad51C  proteins  in  insect  cells  and  purified  the  Rad51B-Rad51C 
complex  to  near  homogeneity.  Biochemical  experiments  have  revealed  that  Rad51B-Rad51C 
binds  DNA  and  enhances  the  recombinase  activity  of  the  Rad51  protein.  This  recombination 
mediator  function  of  Rad51B-Rad51C  is  likely  indispensable  for  efficient  recombination  in  vivo. 
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Recently,  hRad51  was  shown  to  interact  with  the  breast  tumor  suppressor  BRCA2.  The 
biochemical  studies  by  Mr.  Sigurdsson  should  be  useful  for  understanding  the  molecular  basis 
of  breast  tumor  suppression  by  the  recombination  machinery. 

Genomic  caretaking  by  the  recombination  systems  is  vital  to  the  “ health ”  of  the  information 
residing  in  DNA.  Corruption  of  the  information  by  insults  arising  from  internal  and  external 
sources  is  known  to  be  involved  in  genesis  of  cancer.  Thus,  the  system  elucidated  by  Mr. 
Sigurdsson  is  very  important  for  all  cancers  including  those  of  the  mammary  glands. 

Publications: 

Dr.  Sigurdsson  recently  successfully  defended  his  dissertation.  He  is  continuing  to 
pursue  research  in  DNA  repair  as  a  post  doctoral  fellow  in  Dr.  Sung’s  laboratory.  Upon 
his  wife’s  graduation  from  Medical  School,  he  will  be  pursuing  other  post  doctoral 
training  opportunities  in  breast  cancer  research. 


Guikai  Wu  Mentor  -  Dr.  Phang-Lang  Chen 

Immortalized  cells  maintain  telomere  length  through  either  a  telomerase-dependent  process  or 
a  telomerase-independent  pathway  termed  alternative  lengthening  of  telomeres  (ALT). 
Homologous  recombination  is  implicated  in  the  ALT  pathway  in  both  yeast  and  human  ALT 
cells.  In  ALT  cells,  two  types  of  DNA  double-strand  break  repair  and  homologous  recombination 
factors,  the  Rad50/Mre11/NBS1  complex  and  Rad51/Rad52  along  with  replication  factors  (RPA) 
and  telomere  binding  proteins  (TRF1  and  TRF2),  are  associated  with  the  ALT-associated  PML 
body  (APB).  DNA  synthesis  in  late  S-G(2)  is  associated  with  APBs,  which  contain  telomeric 
DNA  and,  are  therefore,  potential  sites  for  telomere  length  maintenance.  Mr.  Gu  showed  that 
the  breast  cancer  susceptibility  gene  product,  breast  cancer  susceptibility  gene  1,  and  the 
human  homologue  of  yeast  Rapl,  hRapI,  are  also  associated  with  APBs  specifically  during  late 
S-G(2)  phase  of  the  cell  cycle.  He  additionally  show  that  the  localization  of  the  double-strand 
break  repair  factors  with  APBs  is  distinct  from  their  association  with  ionizing  radiation-induced 
nuclear  foci.  To  systematically  explore  the  mechanism  involved  in  the  assembly  of  APBs,  we 
examine  the  role  of  Nijmegen  breakage  syndrome  1  (NBS1)  and  TRF1  in  this  process, 
respectively.  He  demonstrated  that  NBS1  plays  a  key  role  in  the  assembly  and/or  recruitment  of 
Rad50,  Mrell,  and  breast  cancer  susceptibility  gene  1,  but  not  Rad51  or  TRF1,  to  APBs.  The 
NH(2)  terminus  of  NBS1,  specifically  the  BRCA1  COOH-terminal  domain,  is  required  for  this 
activity.  Although  TRF1  interacts  with  NBS1  directly,  it  is  dispensable  for  the  association  of 
either  Rad50/Mre11/NBS1  or  Rad51  with  APBs.  Perturbation  of  the  interactions  between 
NBSI/Mrell  and  APBs  correlates  with  reduced  BrdUrd  incorporation  associated  with  APBs, 
consistent  with  decreased  DNA  synthesis  at  these  sites.  Taken  together,  these  results  support  a 
model  in  which  NBS1  has  a  vital  role  in  the  assembly  of  APBs,  which  function  to  maintain 
telomeres  in  human  ALT  cells. 

All  of  the  proteins  in  Mr.  Wu’s  project  are  vital  to  the  DNA  repair  and  response  systems  of 
normal  and  cancer  cells.  Telomeres  are  essential  for  the  maintenance  of  chromosome  length 
and  are  a  target  of  both  cancer  and  aging  research.  Accordingly,  Mr.  Wu’s  project  could  have 
important  relevance  to  the  age-related  onset  of  cancer  including  those  of  the  mammary  gland. 

Wu  G,  Jiang  X,  Lee  WH,  Chen  PL.  Assembly  of  functional  ALT-associated  promyelocytic 
leukemia  bodies  requires  Nijmegen  Breakage  Syndrome  1 .  Cancer  Res.  2003  63:2589-95. 


Xianzhi  Jiang 


Mentor  -  Dr.  Phang-Lang  Chen 
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Since  joining  Dr.  Chen’s  lab,  Mr.  Jiang  has  been  participating  in  the  following  two  research 
projects:  (I)  A  systematic  study  of  the  mechanism  involved  in  the  assembly  of  the  ALT- 
associated  promyelocytic  leukemia  body  (APB),  and  (II)  the  characterization  of  a  novel  non- 
selenocysteine  containing  phospholipid  hydroperoxide  glutathione  peroxidase  (NPGPx). 
Regarding  the  first  project,  it  has  been  known  that  NBS1  and  TRF1  are  associated  with  ALT- 
associated  PML  body  (APB).  NBS1  physically  interacts  with  TRF1,  a  telomere-specific  binding 
protein.  In  order  to  understand  the  potential  roles  of  NBS1  and  TRF1  in  the  assembly  of  APBs, 
Mr.  Jiang  made  adenovirus  constructs  that  expressed  GFP-TRFIDmyb  fusion  protein,  which 
lacks  the  NBS1  interaction  region.  Overexpressed  TRFIDmyb  protein  can  form  a 
TRFIDmyb/TRFI  dimer  and  thus  acts  as  a  dominant  negative  by  depleting  endogenous  TRF1 
from  telomere  DNA.  In  collaboration  with  Guikai  Wu,  Mr.  Jiang  demonstrated  that  NBS1  plays  a 
key  role  in  the  assembly  and/or  recruitment  of  RAD50,  MRE11,  and  BRCA1,  but  not  RAD51  or 
TRF1,  to  APBs.  Although  TRF1  interacts  with  NBS1  directly,  it  is  dispensable  for  the  association 
of  either  RAD50/MRE1 1/NBS1  or  RAD51  with  APBs. 

In  the  second  project,  Mr.  Jiang  identified  a  novel  non-selenocysteine  containing  phospholipid 
hydroperoxide  glutathione  peroxidase  named  as  NPGPx.  In  collaboration  with  Ahmad  Utomo, 
Mr.  Jiang  demonstrated  that  ectopic  expression  of  NPGPx  in  Brcal-null  cells  that  were  sensitive 
to  oxidative  stress  induce  by  hydrogen  peroxide  conferred  a  similar  resistance  level  to  that  of 
the  wild-type  cells,  suggesting  the  importance  of  this  enzyme  in  reducing  oxidative  stress. 
Unlike  mammary  gland  and  other  normal  tissues,  the  majority  of  breast  cancer  cell  lines  studied 
(11  out  of  12)  expressed  very  low  or  undetectable  levels  of  NPGPx  irrespective  of  BRCA1 
status.  Re-expression  of  NPGPx  in  breast  cancer  lines,  MCF-7  and  HCC1937,  induced 
resistance  to  eicosapentaenoic  acid  (an  omega-3  type  of  polyunsaturated  fatty  acid)  mediated 
cell  death  and  abrogated  proliferative  stimulation  by  linoleic  acid  (an  omega-6  type).  Thus 
NPGPx  plays  an  essential  role  in  breast  cancer  cells  in  alleviating  oxidative  stress  generated 
from  polyunsaturated  fatty  acid  metabolism. 

Mr.  Jiang’s  projects  are  clearly  important  to  breast  cancer  research.  The  proteins  in  project  one 
are  of  obvious  importance  to  DNA  repair  and  genomic  stability.  Project  two  is  novel  and  offers 
fresh  insights  into  the  role  of  oxidative  damage  and  the  proteins  that  participate  in  assuaging  it. 
Thus  the  research  plan  of  Mr.  Jiang  will  be  important  in  combating  breast  cancer  on  two 
critically  important  fronts. 

Wu  G,  Jiang  X,  Lee  WH,  Chen  PL.  Assembly  of  functional  ALT-associated  promyelocytic 
leukemia  bodies  requires  Nijmegen  Breakage  Syndrome  1.  Cancer  Res.  2003  63:2589-95. 


Yi-Tzu  Lin  Mentor  -  Dr.  Wen-Hwa  Lee 

Accurate  chromosome  segregation,  a  process  essential  for  maintenance  of  genomic  integrity, 
requires  coordination  between  centrosomes,  kinetochores,  and  chromosomes  during  M  phase 
progression.  Previously,  we  discovered  a  novel  coil-coiled  kinetochore  protein,  Heel,  which  is 
essential  for  faithful  chromosome  segregation.  Heel  interacts  directly  with  Hintl/HZWintl,  which 
in  turn  binds  to  ZwIO  at  the  kinetochore  to  facilitate  spindle  attachment.  Ms.  Lin  showed  that 
when  Heel  expression  is  down  regulated  by  a  small  inhibitory  RNA,  localization  of  both  Heel 
and  Hintl  at  kinetochores  is  abolished.  When  Hintl  expression  is  similarly  down  regulated  by 
siRNA,  Heel  remains  at  kinetochores.  Thus  Heel  is  required  for  the  recruitment  of  Hintl  to 
kinetochores.  Down  regulation  of  Heel  expression  resulted  in  chromosome  missegregation 
characterized  by  lagging  chromosomes  during  metaphase,  and  incomplete  segregation  during 
anaphase.  These  aberrations  in  turn  lead  to  formation  of  micronuclei  and  multiple  nuclei.  Similar 
albeit  less  severe  phenotypes  were  observed  in  cells  treated  with  Hintl  siRNA.  M  phase  is 
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prolonged  in  cells  treated  with  Heel  siRNA,  but  not  completely  arrested  since  cytokinesis 
occurs.  The  cells  in  which  Heel  expression  is  down  regulated  fail  to  activate  the  spindle 
checkpoint:  they  do  not  accumulate  in  metaphase  after  treatment  with  nocodazole,  nor  is  BubRI 
phosphorylated.  Taken  together,  Ms.  Lin’s  results  suggest  that  Heel  recruits  Hintl/ZwIO  to  the 
kinetochore  for  spindle  attachment  and  may  serve  as  a  platform  for  control  of  the  spindle 
checkpoint.  The  findings  thus  provide  a  molecular  mechanism  by  which  Heel  plays  a  crucial 
role  in  chromosome  segregation. 

Cells  from  solid  tumors  typically  display  chromosomal  aberrations  attributed  to  problems  with 
their  segregation  during  cell  division.  Ms.  Lin’s  research  is  especially  relevant  to  breast  cancer 
since  these  tumors  often  demonstrate  these  types  of  chromosomal  defects,  which  may 
contributed  to  their  progression. 


Ahmad  Utomo  Mentor  —  Dr.  Wen-Hwa  Lee 

A  drastic  reduction  in  the  expression  of  a  novel  phospholipid  hydroperoxide  glutathione 
peroxidase  (PHGPx),  which  incorporates  cysteine  instead  of  selenocysteine  in  the  conserved 
catalytic  motif  was  observed  in  a  microarray  analysis  using  cDNAs  amplified  from  mRNA  of 
Brcal-null  mouse  embryonic  fibroblasts  (MEFs).  This  non-selenocysteine  PHGPx  named  as 
NPGPx  is  a  cytoplasmic  protein  with  a  molecular  weight  of  approximately  22  kDa.  Ectopic 
expression  of  NPGPx  in  Brcal-null  cells,  which  are  sensitive  to  oxidative  stress  induced  by 
hydrogen  peroxide,  conferred  a  similar  resistance  level  equal  to  that  of  the  wild-type  cells, 
suggesting  the  importance  of  this  enzyme  in  reducing  oxidative  stress.  Expression  of  NPGPx 
was  found  in  many  tissues,  including  developing  mammary  gland.  However,  the  majority  of 
breast  cancer  cell  lines  studied  (11  out  of  12)  expressed  very  low  or  undetectable  levels  of 
NPGPx  irrespective  of  BRCA1  status.  Re-expression  of  NPGPx  in  breast  cancer  lines,  MCF-7 
and  HCC1937,  induced  resistance  to  eicosapentaenoic  acid  (an  omega-3  type  of 
polyunsaturated  fatty  acid)  mediated  cell  death,  and  abrogated  proliferative  stimulation  by 
linoleic  acid  (an  omega-6  type).  Thus,  NPGPx  plays  an  essential  role  in  breast  cancer  cells  in 
alleviating  oxidative  stress  generated  from  polyunsaturated  fatty  acid  metabolism. 

The  data  and  novel  insights  derived  from  Mr.  Utomo’s  research  might  help  explain  breast 
cancer  development  due  to  defects  in  responding  to  oxidative  damage.  If  true,  affected  family 
members  of  families  carrying  alterations  in  BRCA1  might  benefit  from  avoidance  of  situations 
where  oxidative  damage  is  increased. 

Dr.  Utomo  successfully  defended  his  dissertation  and  was  recently  awarded  his  Ph.D.  He 
is  continuing  his  training  as  a  postdoctoral  fellow  at  the  Harvard  Medical  School  in  the 
laboratory  of  Dr.  Tanya  Mayadas. 


Chang-Ching  Liu  Mentor  -  Dr.  Wen-Hwa  Lee 

The  Rad50/MRE1 1/NBS  1  complex  is  involved  in  a  variety  of  cellular  processes,  including  both 
non-homologous  end-joining  and  homologous  recombination  pathways  involved  in  DNA  double¬ 
strand  breaks  repair,  cell  cycle  checkpoint  activation,  telomere  maintenance,  and  meiosis.  In 
order  to  understand  the  mechanism  underlying  the  function  of  this  repair  complex,  a  novel 
Rad50-interacting  protein  (RINT-1)  was  identified  by  a  yeast  two-hybrid  screen  in  our  laboratory. 
RINT-1 ,  an  evolutionarily  conserved  protein  from  Drosophila  to  human  beings,  has  been  shown 
to  interact  with  Rad50  preferentially  at  late  S  and  G2/M  phases  through  its  central  and  c- 
terminal  conserved  region.  To  further  explore  the  function  of  interaction  between  RINT-1  and 
Rad50,  several  stable  MCF7  clonal  cell  lines  that  express  GFP  fusions  containing  only  the 
Rad50  binding  region  of  RINT-1  were  established.  Overexpression  of  the  fusion  protein  leads  to 
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a  defective  radiation-induced  G2/M  checkpoint.  This  observation  is  related  to  the  repair  function 
of  Rad50  and  another  Rad50-interacting  protein,  BRCA1 ,  which  is  also  thought  to  play  a  role  in 
radiation-induced  G2/M  checkpoint  control.  Like  Rad50  and  BRCA1,  inactivation  of  RINT-1 
causes  early  embryonic  lethality.  Blastocysts  were  isolated  at  day  3.5  of  pregnancy  from  Rint- 
1+/-  intercross  and  were  cultured  in  vitro  for  7  days.  Unlike  wild  type  and  Rint-1  +/-  embryos, 
whose  inner  cell  mass  continued  to  expand  and  differentiate,  Rint-1-/-  cells  stop  their  expansion 
subsequent  to  day  4  and  died. 

To  study  the  cellular  function  of  RINT-1  besides  its  roles  in  response  to  DNA  damage,  Ms.  Liu 
established  an  U20S  cell  line  expressing  full-length  RINT-1  protein  coupled  with  GFP  and 
discovered  that  RINT-1  localizes  to  the  centrosome  in  a  microtubule-independent  manner.  GFP- 
RINT-1  proteins  localize  at  the  centrosomes  throughout  the  cell  cycle  and  move  to  the  midbody 
along  with  the  mother  centrosome  before  cytokinesis.  Endogenous  RINT-1  proteins  reside  in 
the  centrosomal  fractions  isolated  from  LEM  cells,  and  are  found  in  purified  centrosomes. 
Interestingly,  GFP  fusions  with  either  the  N-terminal  coiled-coil  domain  or  the  conserved  Rad50 
binding  region  of  RINT-1  are  recruited  to  the  centrosome.  Using  the  N-terminal  coiled-coil 
domain  of  RINT-1  as  bait  in  a  yeast  two-hybrid  screen,  Ms.  Liu  found  two  centrosomal  proteins 
potentially  interacting  with  RINT-1;  PA28b  and  p150glued.  Similar  to  the  p150glued  component 
of  the  dynactin  complex,  adenovirally  overexpressed  N-terminal  RINT-1  polypeptides  decorated 
the  entire  length  of  interphase  microtubules.  Overexpressed  N-terminal  RINT-1  polypeptides 
also  resulted  in  the  formation  of  cytoplasmic  dots  outside  the  centrosome,  a  phenomenon  also 
observed  when  peptides  of  a  coiled-coil  centrosomal  protein,  Cepl  35,  were  overexpressed.  The 
centrosome  is  a  major  microtubule-organizing  center  in  animal  cells.  It  duplicates  only  once 
during  the  cell  cycle  and  ensures  the  formation  of  bipolar  spindles,  which  distribute  replicated 
chromosomes  equally  to  daughter  cells.  Defective  centrosomes,  exemplified  by  an  excess 
number  of  centrioles  and  pericentriolar  material,  are  characteristic  of  solid  tumors  in  general  and 
breast  tumors  in  particular,  and  may  contribute  to  their  genomic  instability  by  the  formation  of 
multipolar  mitotic  spindles.  Recent  molecular  evidence  suggests  that  centrosomes  are  also 
involve  in  stress  response  mechanisms,  cell  cycle  checkpoint  control,  and  cell  cycle 
progression.  It  has  been  shown  that  inactivation  of  the  other  Rad50-interacting  proteins,  MRE1 1 
and  Brcal,  lead  to  centrosome  amplification  and  embryonic  lethality.  Future  studies  of  the  roles 
played  by  RINT-1  in  regulation  of  centrosomal  activities  may  provide  insight  about  how  DNA 
repair  pathways  coordinate  with  the  cell  cycle  progression  and  the  regulation  of  centrosome 
function. 

This  on  the  basic  biology  of  centrosomes  and  their  roles  in  cells  division  is  applicable  to  all  cells 
including  those  that  form  tumors.  It  is  especially  relevant  to  breast  tumors  since  they  often 
display  chromosomal  aberrations  attributed  to  defects  involving  centrosomal  proteins. 

Note:  Miss.  Liu  withdrew  from  the  graduate  program  to  return  to  home  to  assist  with  a  critically 
ill  member  of  her  immediate  family. 

Wei  Tan  Mentor  -  Dr.  Thomas  Boyer 

The  breast  and  ovarian-specific  tumor  suppressor  BRCA1  has  been  implicated  in  both 
activation  and  repression  of  gene  transcription  by  virtue  of  its  direct  interaction  with  sequence- 
specific  DNA-binding  transcription  factors.  However,  the  mechanistic  basis  by  which  BRCA1 
mediates  the  transcriptional  activity  of  these  regulatory  proteins  remains  largely  unknown.  Mr. 
Tan  has  been  studying  the  functional  interaction  between  BRCA1  and  ZBRK1,  a  BRCA1- 
dependent  KRAB-zinc  finger  transcriptional  repressor  as  a  model  system  to  understand  the 
mechanistic  basis  by  which  BRCA1  mediates  sequence-specific  transcription  control.  During  the 
reporting  period,  Mr.  Tan  succeeded  in  identifying  and  initiating  the  molecular  characterization 
of  a  portable  BRCA1 -dependent  transcriptional  repression  domain  within  the  ZBRK1  C- 
terminus.  Mr.  Tan  found  that  this  C-terminal  repression  domain  functions  in  a  BRCA1-,  HDAC-, 
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and  promoter-specific  manner,  and  is  thus  functionally  distinguishable  from  the  N-terminal 
KRAB  repression  domain  in  ZBRK1 ,  which  exhibits  no  BRCA1  dependency  and  broad  promoter 
specificity.  Significantly,  Mr.  Tan  also  found  that  the  BRCA1  -dependent  transcriptional 
repression  domain  modulates  sequence-specific  DNA-binding  by  the  minimal  ZBRK1  DNA- 
binding  domain.  These  findings  thus  reveal  a  dual  function  for  the  BRCA1 -binding  domain  on 
ZBRK1  in  sequence-specific  DNA-binding  and  transcriptional  repression  by  DNA-bound  ZBRK1 . 
Mr.  Tan  is  currently  engaged  in  experiments  to  complete  the  functional  characterization  of  this 
BRCA1  -dependent  repression  domain,  and  he  is  in  the  process  of  writing  up  his  results  in 
manuscript  form. 

This  project  is  applicable  to  breast  cancer  since  all  of  these  proteins  are  involved  in  the 
transcriptional  response  to  DNA  damage  medicated  by  BRCA1.  Understanding  this  response 
system,  which  includes  the  ZBRK1  protein,  is  critical  to  preventing  and  treating  breast  cancer. 


Sangeetha  Vijayakumar  Mentor  -  Dr.  Wen-Hwa  Lee 

The  Suv3  helicase  of  yeast  Saccharomyces  cerevisiae  has  been  classified  as  a  mitochondrial 
RNA  helicase.  Yeast  genetic  studies  revealed  that  suv3-null  yeast  fails  to  grow  in  glycerol  media 
and  forms  petite  colonies,  implicating  a  role  in  energy  metabolism.  Because  the  helicase 
domains  in  both  yeast  and  human  Suv3  vary  considerably  from  typical  RNA  helicase  motifs, 
homogenously  purified  Suv3  was  required  by  Ms.  Vijayakumar  in  order  to  verify  its  putative 
enzymatic  activities.  Ms.  Vijayakumar  expressed  a  form  of  human  Suv3  carrying  an  N-terminal 
deletion  of  46  amino  acids  (ANhSuv3)  in  yeast  suv3  null  mutants  and  demonstrated  that 
ANhSuv3  fully  complements  the  null  phenotype.  Through  a  five-step  chromatographic 
procedure,  ANhSuv3  (83  kDa)  and  its  partially  degraded  70  kDa  protein  (hSuv3-70),  which 
constitutes  amino  acids  68  to  685,  were  purified  to  homogeneity.  Both  proteins  have  ATPase 
activities,  but  mutants  with  an  invariant  lysine  in  the  ATP  binding  site,  K213,  changed  to  alanine 
(A)  or  arginine  (R)  lose  activity.  At  pH  7.5,  ANhSuv3  unwinds  only  RNA/DNA  hetero  duplex, 
while  hSuv3-70,  which  retains  all  the  core  catalytic  domains,  can  unwind  multiple  substrates 
including  homoduplexes  of  RNA  and  DNA  and  heteroduplexes  of  RNA-DNA.  However,  under 
low  pH  (<  5.0)  reaction  conditions,  ANhSuv3  also  exhibits  ATP-dependent  multi-substrate 
specificity  similar  to  that  of  hSuv3-70.  Consistently,  ANhSuv3  binds  to  homo  duplexes  of  both 
RNA  and  DNA  at  pH  5.0,  but  not  at  pH  7.5,  Moreover,  data  from  circular  dichroism  analysis 
suggests  that  at  pH  5.0,  ANhSuv3  adopts  a  similar  conformation  to  that  of  hSuv3-70,  which  in 
turn  may  govern  its  differential  substrate  specificity. 

Human  Suv3  is  likely  to  be  involved  in  critical  functions  in  both  normal  and  breast  cancer  cells. 
Knowledge  regarding  its  function  will,  therefore,  be  a  significant  contribution  toward 
understanding  the  development  and/or  maintenance  of  the  tumorigenic  state. 


Bingnan  Gu  Mentor  -  Dr.  Phang-Lang  Chen 

CtIP  (CtBP-interacting  protein)  is  a  co-repressor  of  transcription  that  works  with  CtBP,  which 
was  originally  identified  as  a  transcriptional  repressor  that  binds  to  the  C-terminal  region  of 
oncoprotein  E1A1.  Published  studies  suggest  a  role  for  CtIP  in  transcription  regulation  through 
interactions  with  tumor  suppressors  Rb2,  and  BRCA1  and/or  through  interactions  with 
transcription  repressors  CtBP,  LM04  and  Ikaros.  To  systematically  study  the  function  of  CtIP, 
Mr.  Gu  showed  that  CtIP  protein  localizes  immunocytochemically  to  sites  of  BrdU-Incorporation 
representing  replication  foci  (RF)  in  S-phase  of  the  cell  cycle.  Deletion  mutagenesis  indicates 
that  84  amino  acids  in  the  middle  of  region  463-546  are  sufficient  to  target  CtIP  to  RF. 
Moreover,  neither  DNA  damage  by  IR  irradiation  nor  replication  stress  induced  by  hydroxy  urea 
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impair  the  association  of  GFP-tagged  wide  type  CtIP  with  foci,  nor  does  mutations  in  CtIP 
(S664/745A)  that  prevents  phosphorylation  by  the  ATM  kinase.  Finally,  small  interference  RNA- 
mediated  CtIP  protein  level  reductions  are  correlated  with  defects  in  cellular  proliferation.  These 
studies  have  revealed  a  pivotal  role  of  CtIP  in  mammalian  DNA  replication,  which  is  consistent 
with  animal  studies  showing  that  homozygous  knockout  of  mouse  the  CtIP  gene  is  associated 
with  early  embryonic  lethality. 

This  study  is  highly  relevant  to  breast  cancer  research  since  CtIP  is  a  BRCA1  -associated 
protein.  This  association  is  DNA-damage  dependent,  and  thus  potentially  links  BRCA1  to  S 
phase  DNA  replication,  through  its  association  with  CtIP.  Mr.  Gu’s  research  is  in  the  very  early 
stages,  but  is  clearly  on  the  way  to  a  very  significant  contribution  to  breast  cancer  research. 

Aimin  Peng  Mentor  -  Dr.  Phang-Lang  Chen 

Cellular  response  to  DNA  double  strand  breaks  (DSBs)  comprises  a  cascade  of  molecules  to 
transmit  the  DNA  damage  signals  through  sensor,  and  a  transducer  to  effector  proteins  that 
activate  DNA  repair,  cell  cycle  checkpoint  and  programmed  cell  death  (apoptosis).  Previously, 
Dr.  Chen’s  laboratory  showed  that  NFBD1  (aka,  KIAA0170),  which  contains  an  N-terminal  FHA, 
C-terminal  tandem  BRCT  domains  and  internal  Repeats,  is  an  early  participant  in  nuclear  foci 
upon  IR  treatment.  To  systemically  explore  the  role  of  NFBD1  in  the  DNA  damage  signaling 
pathway,  Mr.  Peng  used  the  RNAi-mediated  gene  silencing  technique  to  eliminate  the 
expression  of  NFBD1,  and  showed  that  its  elimination  leads  to  IR  sensitivity  and  G2/M 
checkpoint  defects.  NFBD1  was  placed  downstream  of  A.-H2AX  in  the  DNA  damage  response 
pathway.  Furthermore,  Mr.  Peng  showed  that  the  association  of  NFBD1  and  53BP1  with  DSBs 
both  rely  on  k-H2AX. 

Both  NFBD1  and  53BP1  share  a  structural  mtoif,  C-terminal  tandem  BRCT  domains,  with  Rad9 
in  budding  yeast.  Rad9  is  an  adaptor  protein  that  mediates  the  phosphorylation  and  activation  of 
transducer  kinase  Rad53.  Using  an  ATM/ATR  substrate  specific  antibody,  Mr.  Peng  found  that 
both  NFBD1  and  53BP1  RNAi  treated  cells  exhibited  reduced  IR-induced,  ATM/ATR-dependent 
phosphorylation  at  DSB  sites.  Specifically,  either  NFBD1  or  53BP1  binds  to  CHK2,  and  RNAi 
treatment  partially  affected  CHK2  phosphorylation  at  DSB  sites,  while  silencing  both  NFBD1 
and  53BP1  reduced  phosphorylated  CHK2  foci  to  a  very  low  level,  which  is  comparable  to  the 
H2AX  RNAi-treated  cells.  In  addition,  both  NFBD1  and  53BP1  are  required  for  ATR-dependent 
RADI 7  phosphorylation  at  Ser  645.  These  studies  suggested  that  NFBD1  and  53BP1  play 
redundant  role  in  mediating  activation  of  CHK2  in  response  to  DNA  damage.  NFBD1  and 
53BP1  also  have  distinct  roles  in  the  DNA  damage  signaling  pathway.  For  example,  Mr.  Peng 
showed  that  NFBD1  is  not  required  for  BRCA1  IRIF  formation,  but  is  responsible  for  the 
recruitment  of  the  NBS1/MRE11/RAD50  complex  and  TopBPI  into  IRIF.  This  activity  is  not 
shared  by  53BP1. 

To  further  understand  the  structural  and  functional  relationship  of  NFBD1  with  NBS1  and 
TopBPI,  RNAi-resistant  NFBD1  and  deletion  mutants  were  introduced  into  RNAi  targeted  cells. 
N-terminal  FHA  domain  and  internal  repeats  of  NFBD1  were  required  for  NBS1  and  TopBPI 
IRIF  respectively.  Unlike  wild-type  NFBD1,  internal  repeats  deleted  NFBD1  could  not  rescue 
G2/M  checkpoint  defect  derived  from  NFBD1  RNAi  treatment.  Together  with  his  previous 
functional  studies  of  NBS1  and  TopBPI,  these  observations  support  a  model  in  which  NFBD1 
mediates  the  intra-S  checkpoint  through  its  N-terminal  FHA  domain  and  NBS1,  while  its  internal 
repeats  mediate  G2/M  checkpoint  with  TopBPI.  This  work  was  recently  reported  in  the  Journal 
of  Biological  Chemistry. 

This  work  by  Mr.  Peng  is  clearly  and  compelling  important  in  the  breast  cancer  research  field. 
The  signaling  control  pathways  operative  in  response  to  DNA-damage  are  a  crucial  aspect  of 
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the  overall  cellular  response  to  exogenous  stress.  This  newly  identified  player,  NFBD1,  is  an 
important  addition  to  the  knowledge  base  concerning  the  function  of  this  important  stress 
response  pathway.  It  is  clear  that  Mr.  Peng  will  continue  to  make  significant  contributions  to 
breast  cancer  research  as  student  in  Dr.  Chen’s  laboratory. 

Publications: 

Peng  A,  Chen  PL.  NFBD1,  like  53BP1,  is  an  early  and  redundant  transducer  mediating  Chk2 
phosphorylation  in  response  to  DNA  damage.  J  Biol  Chem.  2003  278(1 1):8873-76. 

Changes  to  the  Program  Faculty: 

As  noted  above,  Dr.  Patrick  Sung  moved  his  laboratory  to  Yale  University  during  the  reporting 
period.  However,  he  remains  as  a  member  of  the  training  faculty  in  the  Graduate  Program  and 
this  training  grant  since  one  of  his  students,  Wendy  Bussen,  who  is  an  applicant  for  a  DOD 
award,  is  a  student  is  good  standing  within  the  program.  Also,  as  noted  above,  the  same  status 
applies  to  Dr.  Wen-Hwa  Lee,  and  also  to  Dr.  Eva  Lee,  who  both  have  students  in  good  standing 
within  the  Graduate  Program  in  Molecular  Medicine. 


Additions:  None  during  the  reporting  period. 

Changes  in  the  Program  Courses:  None  during  the  reporting  period. 

SUMMARY:  The  Breast  Cancer  Training  Program  made  excellent  progress  toward  attracting 
and  retaining  excellently  qualified  students  in  breast  cancer  research.  The  students  received  a 
high  level  of  training  in  the  modern  research  methods  and  theory.  A  total  of  10  publications  on 
breast  cancer  were  achieved  by  students  supported  by  the  program.  Seven  of  the  faculty  had 
eleven  grants  totaling  $3,600,063  in  the  reporting  period.  Three  students  in  the  program  were 
funded  by  Defense  Department’s  Breast  Cancer  Research  Program  in  the  period  covered  by 
this  report.  One  key  investigator  relocated  his  laboratory,  but  remains  on  the  training  faculty.  In 
summary,  the  overall  progress  of  the  students  was  excellent.  Combined  with  the  basic 
instruction  they  receive  in  the  Molecular  Medicine  Ph.D.  Program,  students  will  graduate  as 
highly  skilled  researchers  who  will  be  competitive  for  post  doctoral  positions  in  the  premiere 
breast  cancer  laboratories  in  the  world. 
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Appendix:  NIH  Biosketches  and  Reprints  of  Trainee  Publications. 
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3)  Nijhawan  D,  Fang  M,  Traer  E,  Zhong  Q,  Gao  W,  Du  F,  Wang  X.  Elimination  of  Mcl-1  is 
required  for  the  initiation  of  apoptosis  following  ultraviolet  irradiation.  Genes  Dev.  2003 
17(12):1475-86. 

4)  Zheng  L,  Roeder  RG,  Luo  Y.  S  phase  activation  of  the  histone  H2B  promoter  by  OCA-S, 
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like  Kinase  1  correlates  with  dissociation  of  p300/CBP-associated  factor,  P/CAF.  J  Biol  Chem. 
2003  Jun  17.  [Epub  ahead  of  print]. 
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remodeling  enzyme  required  for  heteroduplex  DNA  joint  formation  with  chromatin.  J  Biol  Chem. 
2003;278(1 1):9212-8. 

9)  Wu  G,  Jiang  X,  Lee  WH,  Chen  PL.  Assembly  of  functional  ALT-associated 
promyelocytic  leukemia  bodies  requires  Nijmegen  Breakage  Syndrome  1 .  Cancer  Res.  2003 
63:2589-95. 
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Chk2  phosphorylation  in  response  to  DNA  damage.  J  Biol  Chem.  2003  278(1 1):8873-6. 


29 


DNA  LIGASES:  MECHANISM  AND  FUNCTIONS 
ALAN  E.  TOMKINSON 
JOHN  B.  LEPPARD 

THE  UNIVERSITY  OF  TEXAS  HEALTH  SCIENCE  CENTER 
AT  SAN  ANTONIO,  INSTITUTE  OF  BIOTECHNOLOGY 

DNA  ligases  are  involved  in  DNA  replication,  genetic  recombination,  and  DNA 
repair.  These  enzymes  belong  to  a  larger  superfamily  of  nucleotidyl  transferases  that  also 
includes  RNA  ligases  and  mRNA  capping  enzymes.  Specifically,  DNA  ligases  catalyze 
phosphodiester  bond  formation  at  breaks  in  the  phosphate  backbone  of  duplex  DNA.  The 
DNA  ligase  family  can  be  subdivided  into  two  groups  based  on  cofactor  specificity. 
Prokaryotic  enzymes  utilize  either  nicotinamide  adenine  dinucleotide  (NAD)  or 
adenosine  triphosphate  (ATP)  as  a  cofactor,  whereas  viral,  archael,  and  eukaryotic  DNA 
ligases  use  ATP  almost  exclusively.  DNA  ligases  share  a  common  core  catalytic  domain 
but  the  regions  flanking  the  core  domain  are  widely  divergent.  These  unique  regions 
mediate  the  specific  participation  of  DNA  ligases  in  different  DNA  transactions. 

I.  Reaction  Mechanism 

DNA  ligase  activity  was  first  identified  in  1967  in  five  different  laboratories.  In 
the  years  that  followed,  the  Lehman  laboratory  was  primarily  responsible  for  elucidating 
the  three  step  reaction  catalyzed  by  the  NAD-dependent  E.  coli  DNA  ligase  and  the  ATP- 
dependent  DNA  ligase  encoded  by  bacteriophage  T4  that  is  described  below. 

A.  Adenylation 

In  the  first  step,  DNA  ligase  reacts  with  either  NAD  or  ATP  to  form  a  covalent 
enzyme-adenosine  monophosphate  (AMP)  intermediate  (Fig.  1).  The  AMP  group  is 
linked  via  a  phosphoramidate  bond  to  a  conserved  lysine  residue  that  defines  the  active 
site  of  the  core  catalytic  domain  (Fig.  2).  Formation  of  the  enzyme-AMP  intermediate 
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induces  a  conformational  change  that  is  required  for  recognition  of  a  nicked  DNA 
substrate  in  the  next  step. 

B.  AMP-DN A  intermediate 

The  second  step  in  the  reaction  involves  the  transfer  of  the  AMP  group  to  the  5’ 
phosphate  terminus  at  the  nick  in  duplex  DNA  (Fig.  1).  The  previous  step  leaves  the 
enzyme  in  an  open  conformation  that  exposes  the  DNA  binding  site.  Specific  amino  acid 
residues  in  the  enzyme  coordinate  the  AMP  group  such  that  an  oxygen  atom  of  the  5’ 
phosphate  in  the  DNA  substrate  can  attack  the  phosphoryl  group  of  AMP  generating  a 
DNA- AMP  intermediate. 

C.  Phosphodiester  bond  formation 

The  third  and  final  step  of  ligation  is  catalyzed  by  the  non-adenylated  form  of 
DNA  ligase.  In  this  reaction,  esterification  of  the  5’  phosphoryl  group  to  the  3’  hydroxyl 
group  completes  phosphodiester  bond  formation  with  the  concomitant  release  of  AMP 
(Fig.  1). 

II.  Structure 

Gene  cloning  and,  more  recently,  genome  sequencing  has  led  to  a  rapid  growth  in 
the  number  of  DNA  ligase  genes  identified.  Alignment  of  DNA  ligase  amino  acid 
sequences  indicates  that  these  enzymes  share  a  conserved  catalytic  domain  (Fig.  2). 
Furthermore,  a  comparison  with  the  catalytic  domains  of  mRNA  capping  enzymes 
revealed  the  presence  of  6  conserved  motifs  (I,  III,  Ilia,  IV,  V,  VI)  that  are  characteristic 
of  nucleotidyl  transferases.  In  recent  years,  our  understanding  of  how  the  DNA  ligase 
catalytic  domain  catalyzes  DNA  joining  has  been  advanced  by  a  combination  of 
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approaches  that  include  the  use  of  site-directed  mutagenesis  to  elucidate  the  role  of 
individual  amino  acids  within  the  catalytic  domain  and  the  determination  of  the  three- 
dimensional  structure  of  several  DNA  ligases  by  X-ray  crystallography. 

A.  Crystal  structures 

X-ray  crystallographic  studies  of  both  NAD-  and  ATP-dependent  DNA  ligases 
have  provided  important  insights  into  the  three-dimensional  structure  of  theses  enzymes. 
In  1996,  the  Wigley  laboratory  solved  the  first  crystal  structure  of  an  ATP-dependent 
DNA  ligase,  the  bacteriophage  T7  DNA  ligase,  in  a  complex  with  ATP.  More  recently, 
the  structure  of  the  enzyme-AMP  intermediate  formed  by  the  Chlorella  virus  DNA  ligase 
was  determined  by  the  Shuman  laboratory.  A  comparison  of  these  structures  revealed  a 
conformational  change  in  the  DNA  ligase  catalytic  domain  that  allows  binding  to  nicked 
DNA.  The  structures  of  the  ATP-dependent  DNA  ligases  together  with  those  of  NAD- 
dependent  enzymes  such  as  Thermus  filiformis  DNA  ligase  (Fig.  2)  and  other  members  of 
the  nucleotidyl  transferase  superfamily  represent  snapshots  of  this  family  of  enzymes  at 
different  stages  of  the  catalytic  cycle.  Thus,  they  provide  a  framework  for  understanding 
the  dynamic  conformational  changes  that  occur  when  nucleotidyl  transferases  interact 
with  their  nucleotide  co-factor  and  polynucleotide  substrate. 

B.  Domains  constituting  the  core  catalytic  domain 

There  are  two  sub-domains  known  as  the  adenylation  domain  and  the  oligomer¬ 
binding  (OB)  fold  (Fig.  2)  within  the  DNA  ligase  catalytic  domain.  The  larger 
adenylation  domain  is  the  minimum  region  required  for  formation  of  an  enzyme-AMP 
intermediate  whereas  the  OB  fold  allows  the  enzyme  to  bind  to  DNA  and  coordinates  the 
ligation  event.  Residues  from  motifs  I  through  V  line  a  cleft  formed  between  the  two 
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subdomains  to  generate  a  positively  charged  nucleotide-binding  pocket.  The  active-site 
lysine  residue,  which  is  contained  within  motif  I,  sits  at  the  bottom  of  the  cleft  close  to 
where  the  adenylation  domain  and  the  OB  fold  are  linked.  In  the  non-adenylated  form, 
the  enzyme  is  in  an  open  conformation  with  the  DNA-binding  surface  of  the  OB  fold 
rotated  away  from  the  active  site  thus  preventing  non-productive  DNA  binding.  Upon 
adenylation,  the  enzyme  undergoes  a  conformational  change  such  that  the  DNA  binding 
surface  of  the  OB  fold  faces  in  toward  the  cleft,  making  the  active  site  accessible. 

C.  Other  common  domains  of  NAD-dependent  DNA  ligases 

NAD-dependent  DNA  ligases  are  relatively  uniform  in  size  (~70  kDa).  In 
addition  to  the  adenylation  domain  and  OB  fold,  they  contain  several  other  common 
motifs  (Fig.  2)  that  are  thought  to  mediate  protein-DNA  and  protein-protein  interactions. 
The  zinc  finger  and  helix-hairpin-helix  (HhH)  motifs  confer  DNA  binding  activity.  The 
BRCT  domain,  which  was  first  identified  in  the  breast  cancer  susceptibility  gene  1,  is 
probably  involved  in  protein-protein  interactions  that  recruit  the  enzyme  to  its  site  of 
action. 

D.  Sequences  flanking  the  core  catalytic  domain  of  ATP-dependent  DNA  ligases 

Unlike  NAD-dependent  ligases,  ATP-dependent  DNA  ligases  are  heterogeneous 
in  size  (40  kDa  -  125  kDa)  (Fig.  2).  The  amino  acid  residues  that  flank  the  catalytic 
domain  of  ATP-dependent  DNA  ligases  contain  a  wide  variety  of  sequences  that  mediate 
specific  protein-protein  interactions  and  protein-DNA  interactions  (Fig.  2).  Intriguingly, 
recent  sequencing  studies  have  identified  open  reading  frames  in  bacterial  genomes 
whose  sequences  suggest  that  ATP-dependent  DNA  ligase  activity  may  reside  in  the 
same  polypeptide  as  nuclease  and  primase  activities. 
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III.  Biological  functions 

The  notion  that  cells  may  contain  more  than  one  species  of  DNA  ligase  was  based 
upon  initial  studies  in  the  Lindahl  laboratory  describing  the  properties  of  different  species 
of  DNA  ligase  in  mammalian  cell  extracts.  These  biochemical  studies  led  to  the  cloning 
of  three  mammalian  genes,  LIG1,  LIG3  and  LIG4  that  encode  DNA  ligases  (Table  I). 
More  recent  genome  sequencing  has  led  to  the  identification  of  additional  DNA  ligase 
genes  in  organisms  such  as  S.  cerevisiae  and  E.  coli  that  were  thought  to  have  only  a 
single  DNA  ligase  gene.  Since  DNA  joining  is  required  to  complete  DNA  replication, 
DNA  repair,  and  genetic  recombination,  it  appears  likely  that  the  multiple  species  of 
DNA  ligase  have  evolved  to  participate  in  specific  DNA  transactions.  Insights  into  the 
biological  functions  of  the  different  DNA  ligases  has  been  obtained  by  examining  the 
phenotype  of  DNA  ligase-deficient  cells  and  by  identifying  protein  partners  of  the  DNA 
ligases  (Table  I). 

A.  DNA  replication 

The  ability  to  make  a  copy  of  their  genetic  information  is  essential  for  all 
organisms.  During  DNA  replication,  DNA  joining  events  are  required  to  link  together 
DNA  intermediates  known  as  Okazaki  fragments  that  are  generated  by  discontinuous 
DNA  synthesis  on  the  lagging  strand  at  the  replication  fork.  As  expected,  inactivation  of 
genes  encoding  replication  proteins,  including  the  replicative  DNA  ligase,  results  in  cell 
lethality.  Since  DNA  replication  involves  the  co-ordinated  actions  of  many  different 
proteins,  it  seems  reasonable  to  assume  that  the  DNA  ligase  involved  in  DNA  replication 
would  interact  with  one  or  more  of  the  other  replication  proteins.  In  mammalian  cells, 
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proliferating  cell  nuclear  antigen  (PCNA),  a  homotrimeric  ring-shaped  clamp  protein  that 
was  identified  as  an  accessory  factor  of  the  replicative  DNA  polymerase,  specifically 
interacts  with  the  N-terminal  region  of  DNA  ligase  I.  This  interaction  is  critical  for  the 
recruitment  of  DNA  ligase  I  to  the  sites  of  DNA  replication  and  for  the  efficient  joining 
of  Okazaki  fragments.  A  similar  protein-protein  interaction  occurs  in  E.  coli  between  the 
NAD-dependent  DNA  ligase  and  (3  clamp,  the  functional  homolog  of  PCNA,  indicating 
that  the  interaction  between  the  replicative  DNA  ligase  and  the  clamp  protein  is 
conserved  in  prokaryotic  and  eukaryotic  DNA  replication. 

B.  DNA  excision  repair 

Exposure  to  endogenous  DNA  damaging  agents  such  as  reactive  oxygen  species, 
and  exogenous  DNA  damaging  agents  such  as  ultra-violet  light  results  in  damage  to  the 
nitrogenous  bases  of  DNA.  In  addition,  the  DNA  replication  machinery  makes  errors  that 
result  in  mispaired  or  unpaired  nucleotides.  Damaged  and  mispaired  nucleotides  are 
removed  from  the  genome  by  excision  repair  pathways  that  share  three  common  steps;  (i) 
excision  of  the  damaged  or  mispaired  DNA;  (ii)  gap-filling  DNA  synthesis  using  the 
undamaged  strand  as  template;  (iii)  DNA  ligation  to  complete  the  repair. 

The  pathways  for  the  repair  of  damaged  bases  can  be  divided  into  two  types  based 
on  whether  the  damage  is  removed  as  a  nitrogenous  base,  base  excision  repair  (BER),  or 
as  a  nucleotide,  nucleotide  excision  repair  (NER).  In  mammalian  cells,  there  are  two 
subpathways  of  BER,  long  patch  and  short  patch,  that  appear  to  involve  two  different 
DNA  ligases.  Short-patch  BER  events  are  mostly  completed  by  DNA  ligase  Ilia  in  a 
complex  with  its  partner  protein  XRCC1,  whereas  long-patch  BER  is  completed  by  DNA 
ligase  I.  Nucleotide  excision  repair  events  are  probably  completed  by  DNA  ligase  I. 
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In  DNA  mismatch  repair,  specific  protein  factors  recognize  the  mispaired  or 
unpaired  nucleotides  and  direct  the  excision  proteins  to  the  newly  synthesized  strand. 
After  removal  of  a  section  of  newly  synthesized  DNA  containing  the  mispaired  or 
unpaired  nucleotides,  the  resultant  single-strand  gap  is  filled-in  by  a  DNA  polymerase 
and  repair  completed  by  a  DNA  ligase,  presumably  DNA  ligase  I. 

C.  Genetic  recombination  and  recombinational  repair. 

Genetic  recombination  is  the  major  process  by  which  diversity  is  generated  in 
living  organisms.  In  mammals,  exchanges  between  homologous  chromosomes  that  occur 
during  meiosis  contribute  to  the  generation  of  genetically  diverse  gametes.  It  is  assumed 
that  DNA  ligase  I,  the  replicative  DNA  ligase,  also  completes  the  meiotic  recombination 
events.  However,  in  vertebrates,  there  is  a  germ-cell  specific  isoform  of  DNA  ligase  III, 
DNA  ligase  111(3,  that  may  also  participate  in  the  completion  of  meiotic  recombination. 
Alternatively,  DNA  ligase  III|3  may  function  in  DNA  transactions  in  haploid  gametes. 

Recombination  pathways  are  also  critical  for  the  maintenance  of  genome  stability 
in  somatic  cells,  in  particular  for  the  repair  of  DNA  double-strand  breaks.  This  lesion 
presents  a  difficult  challenge  because  both  strands  of  the  DNA  duplex  are  broken. 
Recombinational  repair  pathways  can  be  divided  into  two  types  based  on  whether  they 
are  dependent  upon  DNA  sequence  homology  or  not.  It  is  generally  assumed  that 
homology-dependent  recombinational  repair  pathways,  in  particular  those  involving 
sister  chromatids,  are  completed  by  DNA  ligase  I.  In  the  non-homology  directed  repair 
pathways,  the  ends  of  broken  DNA  molecules  are  simply  brought  together  by  DNA  end¬ 
bridging  factors,  processed  and  then  ligated.  Surprisingly,  this  inaccurate  repair  pathway, 
which  can  result  in  a  wide  spectrum  of  genetic  alterations  ranging  from  small  deletions  to 
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chromosomal  translocations,  makes  a  major  contribution  to  the  repair  of  DNA  double¬ 
strand  breaks  in  mammalian  cells.  Genetic  and  biochemical  studies  have  shown  that  this 
so-called  non-homologous  end-joining  (NHEJ)  is  dependent  upon  DNA  ligase  IV  and  its 
partner  protein  XRCC4.  The  same  DNA  ligase  IV/XRCC4  complex  is  also  required  for 
the  completion  of  V(D)J  recombination,  a  site-specific  recombination  mechanism  that  is 
required  for  the  rearrangement  of  immunoglobulin  genes  to  develop  a  diverse  repertoire 
of  antibodies  and  T-cell  receptors. 

D.  Mitochondrial  DNA  metabolism. 

The  DNA  transactions  described  above  occur  in  the  nucleus.  However,  the 
eukaryotic  organelles,  mitochondria  and  chloroplasts,  contain  their  own  genetic 
information  which  must  be  replicated  and  repaired.  Studies  in  the  Campbell  laboratory 
have  shown  that  nuclear  and  mitochondrial  forms  of  DNA  ligase  III  are  generated  by 
translation  initiation  at  different  sites  within  the  same  open  reading  frame  encoded  by 
DNA  ligase  Ilia  mRNA.  Although  the  yeast  S.  cerevisiae  lacks  a  homolog  of  the  LIG3 
gene,  it  uses  the  same  mechanism  to  generate  mitochondrial  and  nuclear  forms  of  Cdc9 
DNA  ligase. 

IV.  Concluding  Remarks 

Although  the  basic  reaction  mechanism  catalyzed  by  DNA  ligases  was  elucidated  over 
thirty  years  ago,  the  recent  determination  of  the  three  dimensional  structure  of  both  NAD- 
and  ATP-dependent  DNA  ligases  has  provided  exciting  new  molecular  insights  into  this 
reaction  mechanism.  However,  structures  of  DNA  ligases  interacting  with  their  DNA 
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substrate  are  needed  for  a  better  understanding  of  the  final  two  steps  of  the  ligation 
reaction.  Because  DNA  strand  breaks  are  a  common  intermediate  in  many  different  DNA 
transactions,  the  study  of  DNA  ligases  by  genetic  and  biochemical  approaches  has 
provided  and  will  continue  to  provide  information  about  the  molecular  mechanisms  of 
DNA  replication,  DNA  repair  and  genetic  recombination.  Finally,  mutations  in  DNA 
ligase  genes  have  been  associated  with  human  diseases,  highlighting  the  importance  of 
these  enzymes. 

Glossary 

Adenylation-  the  reaction  in  which  DNA  ligase  interacts  with  ATP  or  NAD  to  form  a 
covalent  enzyme-adenylate  complex. 

Motif-  amino  acid  sequence  found  to  be  conserved  in  different  proteins. 
Phosphoramidate  bond-  covalent  bond  formed  between  a  phosphoryl  group  and  an 
amino  group.  For  DNA  ligases,  the  phosphoryl  group  of  AMP  is  linked  to  the  amino 
group  of  the  active  site  lysine. 

Phosphodiester  bond-  these  bonds  link  together  deoxynucleotides  in  DNA,  forming  the 
sugar  phosphate  backbone  of  the  DNA  polymer. 
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Figure  legends 

Figure  1.  Mechanism  of  phosphodiester  bond  formation  by  DNA  ligase.  Step  1, 

DNA  ligase  interacts  with  ATP  or  NAD  forming  a  covalent  enzyme- AMP  intermediate. 
Step  2,  after  nick  recognition,  the  AMP  group  is  transferred  to  the  5’  phosphate  terminus 
forming  a  high  energy  phosphate  bond.  Step  3,  DNA  ligase  catalyzes  phosphodiester 
bond  formation,  releasing  AMP. 

Figure  2.  Features  of  the  core  catalytic  domain  and  alignment  of  NAD-  and  ATP- 
dependent  DNA  ligases.  Top,  Schematic  representation  of  the  core  catalytic  domain 
shared  by  all  DNA  ligases.  Bottom,  Comparison  of  a  prokaryotic  NAD-dependent  DNA 
ligase  ( Thermus  filiformis ),  and  ATP-dependent  DNA  ligases  from  virus  (bacteriophage 
T7),  and  humans  (DNA  ligases  I,  Ilia,  and  IV).  Znf,  zinc  finger  motif;  HhH,  helix- 
hairpin-helix  domain;  BRCT,  BRCA1  C-terminus  domain. 
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Abstract 

Cancer-prone  diseases  ataxia-telangiectasia  (AT),  Nijmegen  breakage  syndrome  (NBS)  and  ataxia-telangiectasia-like 
disorder  (ATLD)  are  defective  in  the  repair  of  DNA  double-stranded  break  (DSB).  On  the  other  hand,  arsenic  (As)  has 
been  reported  to  cause  DSB  and  to  be  involved  in  the  occurrence  of  skin,  lung  and  bladder  cancers.  To  dissect  the  repair  mech¬ 
anism  of  As-induced  DSB,  wild  type,  AT  and  NBS  cells  were  treated  with  sodium  arsenite  to  study  the  complex  formation 
and  post-translational  modification  of  Rad50/NBS1/Mrel  1  repair  proteins.  Our  results  showed  that  Mrel  1  went  through  cell 
cycle-dependent  phosphorylation  upon  sodium  arsenite  treatment  and  this  post-translational  modification  required  NBS1  but 
not  ATM.  Defective  As-induced  Mrel  1  phosphorylation  was  rescued  by  reconstitution  with  full  length  NBS  1  in  NBS  cells.  Al¬ 
though  As-induced  Mrel  1  phosphorylation  was  not  required  for  Rad50/NBS1/Mrel  1  complex  formation,  it  might  be  required 
for  the  formation  of  Rad50/NBS  1/Mrel  1  nuclear  foci  upon  DNA  damage.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Ataxia-telangiectasia;  Nijmegen  breakage  syndrome;  Ataxia-telangiectasia-like  disorder;  DNA  double-stranded  breaks;  Arsenic; 
Phosphorylation 


1.  Introduction 

The  maintenance  of  genomic  integrity  is  essential 
for  the  cell  surviving  and  functioning  [1],  Ataxia- 
telangiectasia  (AT),  Nijmegen  breakage  syndrome 
(NBS)  and  ataxia-telangiectasia-like  disorder  (ATLD), 
caused  by  mutations  in  ATM ,  NBS1  and  Mrell , 
respectively,  share  the  similar  phenotypes  of  defec¬ 
tive  DNA  double-stranded  break  (DSB)  repair  and 
aberrant  checkpoint  activation  when  treated  with  ion- 
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izing  radiation  (IR)  or  radio-mimetic  drugs  [2—4]. 
A  function  link  between  repair  proteins  ATM  and 
NBS1  was  demonstrated  recently  [5-8].  Furthermore, 
IR-induced  Mrell  phosphorylation  is  abrogated  in 
NBS  cell  lines  [9].  All  these  results  suggest  that 
ATM,  NBS1  and  Mrell  may  play  important  roles  in 
DNA  repair  through  protein-protein  interaction  and 
post-translational  modification. 

Arsenic  (As)  is  a  naturally  occurring  metalloid  and 
broadly  present  in  water,  soil,  air  and  food.  Chronic 
As  exposure  has  a  strong  correlation  to  the  occurrence 
of  bladder,  lung  and  skin  cancers  [10].  However,  the 
molecular  basis  for  the  carcinogenesis  of  As  is  mostly 
unclear.  As  treatment  leads  to  DNA  mutations,  DSBs, 
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chromosome  breaks  and  deletions,  micronuclei  in¬ 
duction  and  aneuploidy  in  the  cells,  events  frequently 
observed  in  cancer  cells  [11-14].  As  also  induces 
cell  proliferation  and  aberrant  expression  of  genes 
involved  in  cell  growth  or  cell  cycle  control  [15-18]. 

To  study  the  genetic  requirement  for  the  repair  of 
As-induced  DNA  damage,  cultured  wild  type,  AT  and 
NBS  cells  were  treated  with  sodium  arsenite  to  ana¬ 
lyze  post-translational  modification  of  Rad50/NBS1/ 
Mrel  1  protein  complex  and  formation  of  Rad50/NBS1/ 
Mrel  1  nuclear  foci.  Here,  we  showed  that  As-induced 
Mrell  phosphorylation  required  NBS1,  not  ATM. 
Although  As-induced  Mrell  phosphorylation  was 
present  in  all  phases  of  cell  cycle,  it  was  most  domi¬ 
nant  at  M  phase. 

2.  Materials  and  methods 

2.7.  Cell  culture  and  treatment 

Human  AT  fibroblast  cell  lines  (GM05849C, 
and  GM09607B)  and  NBS  fibroblast  cell  lines 
(GM07166A  and  GM 15989)  were  received  from 
Coriell  Institute  and  cultured  in  DMEM  with  10% 
FBS.  Human  NBS  fibroblast  NBS-LBI,  VA13  human 
fibroblast  and  T24  human  bladder  transitional  cell 
carcinoma  cell  lines  were  all  grown  in  DMEM  with 
10%  FBS.  NBS-LBI-V  and  NBS-LBI- WT  stable  cell 
lines  were  derived  from  NBS-LBI,  a  NBS  cell  line, 
after  infection  with  pLXIN  retroviral  vector  (Clon- 
tech)  and  retroviral  vector  expressing  wild  type  NBS1, 
respectively.  Both  stable  cell  lines  were  selected  under 
500  pg/ml  G418  (Sigma)  and  maintained  in  DMEM 
supplemented  with  10%  FBS  and  200|xg/ml  G418. 
Various  cell  cycle  phases  T24  cells  were  retrieved 
by  density  arrest  accordingly  [19]  and  cell  cycle  dis¬ 
tribution  of  T24  cells  was  analyzed  by  EPICS  flow 
cytometer  (Beckman  Coulter).  M  phase-enriched  T24 
cells  were  achieved  by  treating  the  cells,  which  were 
32  h  released  from  density  arrest,  with  0.4jig/ml 
nocodazole  (Sigma)  for  10  h. 

2.2.  Immunoblotting  and  immunoprecipitation 

The  cultured  cells  were  treated  with  sodium  arsen¬ 
ite  (Sigma)  or  y-irradiation,  harvested  and  lysed  in 
EBC  buffer  (50 mM  Tris,  pH7.6,  120 mM  NaCl,  0.5% 


Nonidet  P-40, 1  mM  EDTA,  1  mM  (3-mercaptoethanol, 
50  mM  NaF,  and  1  mM  NasVCU)  plus  protease  inhi¬ 
bitors.  The  detailed  procedures  for  immunoblotting 
and  immunoprecipitation  were  followed  accordingly 
[20].  Phosphatase  and  phosphatase  inhibitor  (New 
England  BioLab)  were  incubated  with  the  Mrell 
immunoprecipitate  to  study  the  As-induced  Mrell 
phosphorylation  [7].  Rad50,  NBS1  and  Mrell  pro¬ 
teins  were  detected  by  enhanced  chemiluminence 
(Amersham  Pharmacia  Biotech). 

2.5.  Immunofluorescent  staining 

The  cultured  cells  were  grown  in  35  mm  petri  dish, 
treated  with  sodium  arsenite  and  fixed  for  NBS1  nu¬ 
clear  foci  study.  Cell  treatment  and  immunofluorescent 
staining  were  carried  out  as  described  [20].  In  this  as¬ 
say,  NBS1  monoclonal  antibody  and  FITC-conjugated 
goat  anti-mouse  IgG  (Jackson  Immunochemicals) 
were  used  as  the  primary  and  secondary  antibodies, 
respectively. 

3.  Results 

3.7.  The  effect  of  cell  cycle  on  arsenic-induced 
Mrell  phosphorylation 

The  cellular  responses  to  As  are  complex  and 
include  DNA  damage,  aberrant  cell  growth  and  apop¬ 
tosis  ([10]  for  review).  To  study  how  As  affects  the 
DSB  repair  machinery,  T24  cells  were  treated  with 
sodium  arsenite  and  Rad50/NB  SI /Mrell  repair  pro¬ 
teins  were  analyzed.  Interestingly,  exposure  of  T24 
cells  to  sodium  arsenite  for  3  h  at  the  concentration 
of  10  pM  or  more,  before  obvious  cell  death  was 
noticed  by  morphology,  resulted  in  the  formation  of 
a  slower  migrating  form  of  Mrell  (Fig.  1A).  This 
mobility  shift  was  abolished  after  phosphatase  treat¬ 
ment  (Fig.  IB),  suggesting  it  was  caused  by  protein 
phosphorylation.  As-induced  Mrell  phosphoryla¬ 
tion  appeared  2  h  after  treatment  and  persisted  for  at 
least  8h  (Fig.  1C).  For  comparison,  the  dosage  effect 
(Fig.  1A)  and  time  course  of  IR-induced  Mrell  phos¬ 
phorylation  (Fig.  1C)  was  also  analyzed.  In  our  study, 
IR-induced  Mrell  phosphorylation  was  observed  as 
early  as  10  min  after  20  Gy  y-irradiation  treatment 
and  decreased  at  8  h  after  treatment  (Fig.  1C). 
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Fig.  1.  Arsenic-induced  Mrell  mobility  shift  was  caused  by  phos¬ 
phorylation.  (A)  Mobility  shift  of  Mrell.  Unsynchronized  T24 
cells  were  treated  with  various  dosages  of  sodium  arsenite  (As) 
for  3  h  or  7-irradiation  (IR)  and  then  subjected  for  immunoblot- 
ting  analysis.  (B)  Phosphorylation  of  Mrell.  Arsenic-treated  T24 
cell  lysates  were  immunoprecipitated  (IP)  with  anti-Mrell  anti¬ 
body  and  the  immunoprecipitate  was  incubated  with  phosphatase 
(PPase)  in  the  absence  or  presence  of  phosphatase  inhibitor.  (C) 
The  time  course  of  arsenic-induced  and  IR-induced  Mrell  phos¬ 
phorylation.  T24  cells  were  treated  with  40  pM  sodium  arsenite 
or  20 Gy  7-irradiation  and  the  kinetics  of  Mrell  phosphorylation 
was  analyzed  at  different  time  points  after  treatment.  (— )  Without 
treatment;  (+)  with  treatment;  (pre)  before  sodium  arsenite  treat¬ 
ment;  (mock)  in  arsenic-free  medium  or  without  7-irradiation  for 
8h. 


To  examine  the  effect  of  cell  cycle  progression 
on  As-induced  Mrell  phosphorylation,  T24  cells  of 
different  cell  cycle  phases  were  obtained  by  density 
arrest  [19]  or  nocodazole  treatments.  T24  cells  of 
various  phases  were  harvested  for  Mrel  1  immunoblot- 
ting  analysis  after  As  exposure  for  3h.  Although  the 
As-induced  Mrell  phosphorylation  was  observed  in 


T24  cells  of  all  cell  cycle  phases,  it  was  more  signif¬ 
icant  at  M  phase  (Fig.  2).  This  result  was  somewhat 
different  from  the  IR-induced  Mrell  phosphoryla¬ 
tion,  which  is  at  similar  levels  in  all  cell  cycle  phases 
(Fig.  2). 

3.2.  The  effect  of  arsenic  on  Rad50/NBS1/Mrel  1 
protein  complex  maintenance  and  NBS1  nuclear 
focus  formation 

To  study  the  functional  significance  of  As-induced 
Mrell  phosphorylation  on  DSB  repair,  the  effect  of 
As  on  the  maintenance  of  Rad50/NBS1/Mrell  pro¬ 
tein  complex  and  formation  of  NBS1  nuclear  foci 
was  analyzed.  Although  sodium  arsenite  treatment 
induced  Mrell  phosphorylation  in  cultured  cells, 
Rad50/NBS1/Mrell  complex  remained  unchanged 
before  and  after  treatment  (Fig.  3A),  suggesting 
Mrell  phosphorylation  was  not  required  for  Rad50/ 
NBSl/Mrell  complex  maintenance.  However,  the 
NBS1  nuclear  foci  formation  is  prompt  in  response 
’to  As  (Fig.  3B).  In  our  preliminary  study,  about 
8%  of  the  unsynchronized  T24  cells  showed  NBS1 
foci  at  5  h  after  40  pM  sodium  arsenite  treatment,  in 
comparison  to  2%  before  treatment  (data  not  shown). 

3.3 .  The  requirement  ofNBSl  for  arsenic-induced 
Mrell  phosphorylation 

It  has  been  well  documented  that  ATM  and  NBS1 
are  the  key  players  in  DSB  repair  ([21]  for  review). 
To  study  the  requirement  of  ATM  and  NBS1  for  the 
As-induced  Mrell  phosphorylation,  wild  type,  AT 
cells  and  NBS  cells  were  treated  with  40  pM  sodium 
arsenite  for  3  h  and  subjected  for  Mrel  1  analysis.  The 
As-induced  Mrell  phosphorylation  was  observed  in 
wild  type  and  AT  cells  but  not  NBS  cell  lines  we 
analyzed  (Fig.  4B).  However,  this  post-translational 
modification  reappeared  in  the  NBS  cells  when  they 
were  reconstituted  with  full  length  NBS1  (Fig.  4B), 
suggesting  NBS1  was  required  for  As-induced  Mrell 
phosphorylation.  Interestingly,  an  elevated  basal  level 
of  Mrell  phosphorylation  was  observed  frequently 
in  GM09607B  AT  cells  and  less  frequently  in  other 
AT  and  NBS  cell  lines  we  tested.  The  reason  for 
this  constitutive  phosphorylation  is  unclear,  but  sug¬ 
gests  certain  ATM-independent  kinase(s)  may  be 
involved  [9]. 
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Fig.  2.  Arsenic-induced  Mrell  phosphorylation  was  cell  cycle-dependent.  T24  cells  of  various  cell  cycle  phases  were  retrieved  after 
releasing  from  density  arrest  for  8,  16,  24,  and  32  h.  M  phase-enriched  cells  (M  phase)  were  retrieved  by  treating  the  T24  cells,  which 
were  32  h  released  from  density  arrest,  with  0.4  |xg/ml  nocodazole  for  10  h.  Cell  cycle  distribution  of  T24  cells  was  analyzed  by  flow 
cytometer.  T24  cells  of  different  phases  were  treated  with  40  pM  sodium  arsenite  for  3h  or  20  Gy  y-irradiation  and  the  cell  lysates  were 
subjected  for  immuoblotting  analysis. 
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Fig.  3.  The  effect  of  arsenic-induced  Mrell  phosphorylation 
on  Rad50/NB  SI  /Mrell  complex  maintenance  and  NBS1  nuclear 
focus  formation.  (A)  For  Rad50/NBS1/Mrell  complex  study, 
unsynchronized  T24  cells  were  treated  with  40  pM  sodium 
arsenite  for  3  h  and  the  cell  lysates  were  immunoprecipitated  (IP) 
with  anti-Mrell  antibody,  followed  by  immunoblotting  (IB)  using 
anti-Rad50,  anti-NBSl  and  anti-Mrell  antibodies,  respectively. 
(B)  For  NBS1  nuclear  foci  analysis,  unsynchronized  T24  cells 
were  treated  with  40  pM  sodium  arsenite  for  5h  and  the  cells 
were  fixed  and  subjected  for  immunofluorecent  staining. 


ATM  and  NBS1  dependency  of  Mrell  phospho¬ 
rylation  following  IR  was  also  analyzed  for  compar¬ 
ison.  Although  As-induced  Mrell  phosphorylation 
is  NB  SI -dependent  but  ATM-independent  (Fig.  4B), 
both  ATM  and  NBS1  are  required  for  IR-induced 
Mrell  phosphorylation  (Fig.  4C). 


4.  Discussion 


As  is  a  well  documented  environmental  carcinogen 
[10].  Although  it  causes  DSBs  in  the  exposed  cells, 
the  role  of  DSB  repair  proteins  in  the  repair  process 
of  As-induced  DNA  damage  is  not  clear.  To  the  best 
of  our  knowledge,  this  is  the  first  report  demonstrating 
the  involvement  of  Rad50/NB  SI /Mrell  DSB  repair 
complex  in  As-induced  DNA  damage. 

It  has  been  reported  that  As-treated  cells  arrested  at 
i  n  G1  and  G2/M  phases  and  then  went  through  apopto¬ 
sis  eventually  [22,23].  It  was  intriguing  to  notice  that 
the  As-induced  Mrel  1  phosphorylation  was  dominant 
at  M  phase  (Fig.  2).  Since  T24  cells  were  harvested 
3  h  after  40  pM  sodium  arsenite  treatment,  before  cell 
apoptosis  was  observed,  the  functional  significance  of 
this  M  phase-dominant  event  remains  to  be  explored. 
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Fig.  4.  The  requirement  of  ATM  and  NBS1  for  arsenic-induced  Mrell  phosphorylation.  (A)  The  expression  of  NBS1  and  Mrell  in  wild 
type  fibroblasts  (VA13),  NBS  fibroblasts  (NBS-LBI-V)  and  NB  SI -reconstituted  NBS  fibroblasts  (NBS-LBI-WT).  (B)  VA13,  AT  fibroblasts 
(GM09607B  and  GM05849C),  NBS  fibroblasts  (GM07166A,  GM15989  and  NBS-LBI-V)  and  NBS-LBI-WT  were  treated  with  40p-M 
sodium  arsenite  for  3  h  and  the  cell  lysates  were  subjected  for  immunoblotting  analysis.  (C)  The  cells  were  treated  with  20  Gy  y-irradiation, 
harvested  at  3  h  after  treatment  and  subjected  for  immunoblotting  analysis. 


The  involvement  of  Rad50/NB  SI  /Mrell  protein 
complex  in  DSB  repair  is  well  documented  ([21]  for 
review).  In  our  study,  As-induced  Mrel  1  phosphoryla¬ 
tion  was  observed  at  earlier  time  points  than  the  forma¬ 
tion  of  NBS  1  foci.  Although  the  Rad50/NBS1/Mrell 
protein  complex  status  was  not  affected  by  As  treat¬ 
ment,  the  prompt  NBS1  nuclear  foci  formation  sug¬ 
gested  a  possible  link  between  Mrel  1  phosphorylation 
and  As-induced  foci  formation. 

NBS1  is  a  downstream  target  for  ATM  and  is  phos- 
phorylated  upon  IR  in  an  ATM-dependent  manner 
[5-8].  However,  in  our  study,  the  As-induced  Mrell 
phosphorylation  only  required  NBS1  but  not  ATM 


(Fig.  4B),  suggesting  that,  in  the  repair  of  As-induced 
DNA  damage,  an  ATM-independent  but  NBS1- 
dependent  pathway,  which  linked  Mrell  phospho¬ 
rylation  and  downstream  repair  processes  together, 
might  exist.  Further  studies  are  required  to  rule  out 
this  possibility. 

In  agreement  with  the  recent  paper  by  Stewart 
et  al.  [24],  we  did  not  observe  IR-induced  Mrell 
phosphorylation  in  any  of  the  classical  AT  cell  lines 
we  tested.  Nevertheless,  As-,  UV-  or  MMS-induced 
Mrell  phosphorylation  is  intact  in  the  classical  AT 
-  as  Unes  (Fig.  4B  and  [9]).  More  efforts  are  required 
to  define  the  detailed  mechanisms  and  biological 
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significance  of  Mrell  phosphorylation  in  response  to 
DNA  damages  caused  by  different  genotoxic  agents. 
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Elimination  of  Mcl-1  is  required 
for  the  initiation  of  apoptosis 
following  ultraviolet  irradiation 


Deepak  Nijhawan,1  Min  Fang,1  Elie  Traer,  Qing  Zhong,  Wenhua  Gao,  Fenghe  Du, 
and  Xiaodong  Wang2 

Howard  Hughes  Medical  Institute  &  Department  of  Biochemistry,  University  of  Texas  Southwestern  Medical  Center 
at  Dallas,  Dallas,  Texas  75390,  USA 


Ultraviolet  (UV)  irradiation  of  HeLa  cells  triggers  an  apoptotic  response  mediated  by  mitochondria. 
Biochemical  analysis  of  this  response  revealed  that  the  elimination  of  cytosolic  inhibitors  is  required  for 
mitochondrial  release  of  cytochrome  c  and  subsequent  caspase  activation.  These  inhibitors  were  found  to  be 
Mcl-1  and  Bcl-xL,  two  antiapoptotic  members  of  the  Bcl-2  family.  Following  UV  treatment,  Mcl-1  protein 
synthesis  is  blocked,  the  existing  pool  of  Mcl-1  protein  is  rapidly  degraded  by  the  proteasome,  and  cytosolic 
Bcl-xL  translocates  to  the  mitochondria.  These  events  are  sequential;  the  elimination  of  Mcl-1  is  required  for 
the  translocation  of  Bcl-xL.  The  disappearance  of  Mcl-1  is  also  required  for  other  mitochondrial  apoptotic 
events  including  Bax  translocation,  cytochrome  c  release,  and  caspase  activation. 

[Keywords:  Apoptosis;  cytochrome  C;  mitochondria;  Mcl-1;  Bcl-xL;  proteasome] 
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Apoptosis  provides  a  powerful  protection  mechanism  to 
eliminate  harmful  cells  that  have  suffered  a  lethal  dose 
of  DNA  damage.  Failure  to  die  results  in  the  survival  of 
cells  harboring  genetic  mutations  that  may  become  can¬ 
cerous  (Johnstone  et  al.  2002).  Therefore,  molecular  dis¬ 
section  of  the  cellular  apoptotic  response  to  DNA  dam¬ 
age  is  of  both  theoretical  and  practical  significance. 

DNA-damaging  reagents  such  as  ultraviolet  (UV)  light 
and  genotoxic  chemotherapeutical  agents  induce  apopto¬ 
sis  through  a  mitochondrial  pathway  (Kim  et  al.  1997; 
Kluck  et  al.  1997;  Bossy- Wetzel  et  al.  1998).  In  response 
to  these  treatments,  cytochrome  c  is  released  from  the 
mitochondrial  intermembrane  space  to  the  cytoplasm, 
where  it  binds  to  Apaf-1.  Cytochrome  c  binding  to 
Apaf-1  triggers  the  formation  of  the  apoptosome,  which 
activates  procaspase-9  (Li  et  al.  1997;  Acehan  et  al.  2002). 
Activated  caspase-9  cleaves  and  activates  caspase-3  and 
caspase-7,  which  subsequently  cleave  many  intracellular 
substrates,  leading  to  the  characteristic  morpho¬ 
logical  changes  associated  with  apoptosis  (Rodriguez  and 
Lazebnik  1999;  Hengartner  2000). 

In  addition  to  cytochrome  c,  several  other  apoptogenic 
proteins  are  also  released  from  the  mitochondrial  inter¬ 
membrane  space.  These  include  Smac/Diablo  and  Omi/ 
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HtrA2,  which  antagonize  the  caspase-inhibitory  LAP  pro¬ 
teins,  and  AIF  and  EndoG,  which  cause  apoptotic 
changes  independent  of  caspase  activity  (Susin  et  al. 
1999;  Du  et  al.  2000;  Verhagen  et  al.  2000;  Li  et  al.  2001; 
Suzuki  et  al.  2001;  Hegde  et  al.  2002;  Martins  et  al.  2002). 

The  balance  between  pro-  and  antiapoptotic  Bcl-2  fam¬ 
ily  members  determines  the  mitochondrial  response  to 
apoptotic  stimuli  (Gross  et  al.  1999;  Martinou  and  Green 
2001).  Antiapoptotic  proteins  such  as  Bcl-2,  Bcl-xL,  and 
Mcl-1  protect  mitochondrial  integrity,  whereas  the  pro- 
apoptotic  members  of  the  family  promote  the  release  of 
apoptogenic  proteins  from  mitochondria.  The  function 
of  these  proapoptotic  proteins  can  be  further  divided  into 
the  BH3-only  proteins  including  Bid,  Bad,  and  Bim  and 
their  effectors  Bak  and  Bax  (Cheng  et  al.  2001;  Wei  et  al. 
2001;  Zong  et  al,  2001).  Activated  BH3-only  proteins  in¬ 
duce  the  formation  of  mitochondrial  oligomeric  Bax/Bak 
\j)  j  complexes  either  directly  or  indirectly  by  binding  and 
inactivating  antiapoptotic  Bcl-2  family  members  (Kors- 
meyer  et  al.  2000;  Letai  et  al.  2002).  These  complexes 
may  function  as  protein  pores  for  cytochrome  c  and 
other  proteins  to  pass  through,  or  cause  mitochondrial 
outer  membrane  destabilization  (Vander  Heiden  et  al. 
1997;  Kuwana  et  al.  2002). 

The  essential  question  of  how  the  Bcl-2  family  of  pro¬ 
teins  translates  genotoxic  stress  into  mitochondrial 
damage  remains  unaddressed.  In  the  present  report,  we 
used  classic  biochemical  fractionation  and  reconstitu¬ 
tion  to  map  a  sequential  signaling  pathway  composed  of 
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Bcl-2  family  members  that  leads  to  cytochrome  c  release 
after  UV  treatment. 


Results 

Activation  of  a  mitochondrial  apoptotic  pathway 
in  response  to  UV  irradiation 

After  receiving  a  strong  dose  of  UV  irradiation,  cultured 
HeLa  cells  exhibit  synchronized  characteristic  apoptotic 
changes  beginning  2  h  after  irradiation.  After  4  h,  most 
cells  die  by  apoptosis.  As  shown  in  Figure  1 A  (lanes  1-4), 
these  changes  include  the  oligomerization  of  Bak,  the 
appearance  of  cytochrome  c  in  the  cytosol,  and  the  acti¬ 
vation  of  caspase-9  and  caspase-2. 

When  cells  were  irradiated  in  the  presence  of  a  pan- 
caspase  inhibitor,  z-VAD-fmk,  caspase-9  activation  was 
completely  blocked  (Fig.  1A,  lanes  5-8).  However,  the 
oligomerization  of  Bak  and  release  of  cytochrome  c  re¬ 
mained  intact,  indicating  that  these  two  events  are  up¬ 
stream  of  caspase  activation.  Caspase-2  activation  was 
also  blocked  by  zVAD-fmk,  suggesting  that  caspase-2  ac¬ 
tivation  is  not  required  for  UV-induced  cytochrome  c 


release  in  HeLa  cells  as  it  is  in  oncogene  transformed 
human  fibroblasts  (Lassus  et  al.  2002). 

The  mitochondria  from  UV-irradiated  cells 
were  primed  to  release  cytochrome  c  in  vitro 

In  vivo,  mitochondria  from  UV-irradiated  cells  start  to 
release  cytochrome  c  120  min  after  UV  irradiation;  how¬ 
ever,  mitochondria  isolated  from  cells  just  30-60  min 
after  UV  irradiation  readily  formed  oligomerized  Bak  and 
released  cytochrome  c  when  incubated  in  vitro  (Fig.  IB, 
lanes  2-3).  In  contrast,  mitochondria  from  untreated 
cells  did  not  form  oligomerized  Bak  or  release  cyto¬ 
chrome  c  under  the  same  conditions  (Fig.  IB,  lane  1). 
Mitochondria  from  cells  30-60  min  after  UV  are  there¬ 
fore  "primed"  to  release  cytochrome  c  in  vitro,  at  least  1 
h  before  cytochrome  c  release  can  be  detected  in  vivo. 

Inhibitors  in  normal  cytosol  prevent  cytochrome  c 
release  from  primed  mitochondria 

Our  finding  that  cytochrome  c  release  is  delayed  in  vivo 
compared  with  in  vitro  is  consistent  with  a  previous  re¬ 
port  predicting  that  cytoplasm  contains  inhibitors  of  cy- 


Figure  1.  UV  induces  cytochrome  c  release  from  HeLa  cells  in  vivo  and  in  vitro.  (A)  Mitochondria  and  S 100  were  harvested  from  HeLa 
cells  treated  with  UV  for  different  amounts  of  time  as  described  in  Materials  and  Methods.  In  lanes  5-8,  we  preincubated  the  cells  in 
the  presence  of  Z-VAD.fmk,  a  broad-spectrum  caspase  inhibitor  as  indicated.  Cytochrome  c,  caspase-9,  and  caspase-2  were  analyzed 
in  S100.  Bak  oligomerization  was  analyzed  in  mitochondrial  fractions  as  described  (Wei  et  al.  2000).  (B)  Mitochondria  from  UV-treated 
cells  release  cytochrome  c  in  vitro.  Mitochondria  (0.67  mg/mL)  from  untreated  cells  (lane  1 )  or  cells  that  were  UV-treated  for  30  min 
(lane  2),  60  min  (lane  3),  or  120  min  (lane  4)  were  incubated  in  vitro  at  37°C  for  30  min.  Following  incubation,  the  mitochondria  were 
pelleted  and  analyzed  as  described  in  Materials  and  Methods.  (C)  S100  inhibits  cytochrome  c  release  from  primed  mitochondria. 
Mitochondria  (0.67  mg/mL)  from  cells  treated  with  UV  for  1  h  were  coincubated  (lanes  1-5)  at  37°C  for  30  min  with  only  buffer  (lane 
1 )  or  HeLa  S100  (4  mg/mL)  from  untreated  cells  (lane  2)  or  cells  that  were  UV-treated  for  30  min  (lane  3),  60  min  (lane  4),  or  120  min 
(lane  5).  Mitochondria  and  supernatants  were  analyzed  for  Bak  oligomerization  and  cytochrome  c  release,  respectively. 
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tochrome  c  release  (Duelli  and  Lazebnik  2000).  To  test 
this  hypothesis  in  our  system,  primed  mitochondria  iso¬ 
lated  from  cells  60  min  after  UV  irradiation  were  incu¬ 
bated  with  cytosol  (S100)  from  untreated  cells  (naive),  or 
cells  30-120  min  after  UV  irradiation.  As  shown  in  Fig¬ 
ure  1C,  cytosol  from  naive  cells  efficiently  inhibited  cy¬ 
tochrome  c  release  from  UV-primed  mitochondria  (Fig. 
1C,  lane  2).  The  ability  of  cytosol  to  inhibit  release  was 
gradually  lost  with  increasing  time  after  UV  irradiation 
(Fig.  1C,  lanes  3-5). 

Purification  and  identification  of  Mcl-1  and  Bcl-xL  as 
the  cytosolic  inhibitors  of  cytochrome  c  release 

We  used  biochemical  fractionation  in  concert  with  a 
candidate  protein  approach  to  identify  the  inhibitors  pre¬ 
sent  in  the  cytosol  of  naive  cells.  The  cytosol  from  naive 


HeLa  cells  was  fractionated  by  ammonium  sulfate  pre¬ 
cipitation,  ion  exchange  Mono  Q  column  chromatogra¬ 
phy,  gel-filtration  column  chromatography  (data  not 
shown),  and  hydroxyapatite  chromatography  (data  not 
shown),  and  assayed  for  inhibition  of  cytochrome  c  re¬ 
lease  from  UV-primed  mitochondria.  As  shown  in  the 
upper  panel  of  Figure  2A,  30%  ammonium  sulfate  pre¬ 
cipitated  the  activity  (Fig.  2A,  lanes  4,6).  The  precipi¬ 
tated  activity  was  subsequently  loaded  onto  a  Mono  Q 
column,  and  an  activity  peak  was  eluted  from  the  col¬ 
umn  by  -200  mM  NaCl  (Fig.  2B,  upper  panel,  lane  9). 

Because  antiapoptotic  members  of  the  Bcl-2  family  of 
proteins  are  likely  candidates  for  such  an  activity,  we 
probed  the  column  fractions  using  antibodies  against 
these  proteins.  As  shown  in  the  middle  and  lower  panels 
of  Figure  2A  and  B,  we  found  that  Bcl-xL  and  Mcl- 1  co¬ 
purified  with  the  inhibitory  activity. 


B  D 


Figure  2.  Mcl- 1  and  Bcl-xL  are  necessary  and  sufficient  for  cytosolic  inhibitory  activity.  [A]  Mcl-1  and  Bcl-xL  correlate  with  inhibitory 
activity  after  ammonium  sulfate  fractionation.  Ammonium  sulfate  was  added  to  1  mL  of  S100  (5  mg/mL)  up  to  30%  (lanes  3,4)  or  50% 
(lanes  5,6).  Following  incubation  at  4°C  for  1  h,  the  supernatant  (Sup)  and  pellet  (Pel)  were  separated  by  centrifugation  (20,000g).  The 
pellet  was  resuspended  in  1  mL  of  Buffer  A.  Both  the  supernatants  and  pellets  were  dialyzed  in  Buffer  A  overnight.  All  fractions  were 
assayed  for  inhibitory  activity  (as  described  in  Materials  and  Methods)  and  evaluated  for  Mcl-1  and  Bcl-xL.  (B)  HeLa  S100  (36  mg)  was 
first  precipitated  with  30%  ammonium  sulfate.  The  resulting  pellet  (7.5  mg)  was  resuspended  and  dialyzed  in  Buffer  A  and  then  loaded 
onto  a  1-mL  Hi-trap  Q  Sepharose  column  (Amersham)  equilibrated  in  Buffer  A.  The  protein  was  eluted  with  a  gradient  from  0  to  750 
mM  NaCl  (in  Buffer  A)  over  14  mL.  Inhibitory  activity  was  assayed  for  buffer  alone  (lane  1),  input  (lane  2),  Q  flow  through  (lane  3),  and 
fractions  eluting  from  Q  sepharose  (lanes  4-13).  The  amount  of  Mcl-1  and  Bcl-xL  in  each  sample  and  the  mitochondria  (lane  1)  was 
measured  by  Western  blot.  (C)  HeLa  SI 00  was  immunodepleted  as  described  in  Materials  and  Methods.  Inhibitory  activity  was  assayed 
in  buffer  alone  (lane  1),  S100  mock-immunodepleted  (lane  2),  depleted  of  Mcl-1  (lane  3),  Bcl-xL  (lane  4),  or  both  (lane  5).  The  amount 
of  Mcl-1  and  Bcl-xL  was  determined  by  Western  blot  for  each  SI 00  sample.  (D)  Recombinant  Mcl-1  (rMcl-1)  and  Bcl-xL  (rBcl-xL)  were 
prepared  as  described  in  Materials  and  Methods.  S100,  rMcl-1,  and  rBcl-xL  were  analyzed  for  inhibitory  activity.  The  levels  of  Mcl-1 
and  Bcl-xL  in  recombinant  fractions  were  compared  with  those  in  S100.  Mitochondria  solubilized  in  Buffer  A  with  1%  NP-40  were 
analyzed  for  Mcl-1  and  Bcl-xL  to  compare  the  levels  of  these  proteins  in  mitochondria  to  those  in  the  fractions. 
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We  tested  whether  the  inhibitory  activity  in  naive  cy¬ 
tosol  was  due  to  Mcl-1  and  Bcl-xL  by  immunodepleting 
these  two  proteins  either  individually  or  in  combination 
from  naive  SI 00.  As  shown  in  the  middle  and  lower  pan¬ 
els  of  Figure  2C,  antibodies  against  Mcl-1  and  Bcl-xL  ef¬ 
ficiently  depleted  these  proteins  from  naive  cytosol  (Fig. 
2C,  lanes  3-5).  Cytosol  depleted  of  Mcl-1  (Fig.  2C,  lane  3) 
or  Bcl-xL  (Fig.  2C,  lane  4)  lost  some  activity  whereas 
cytosol  depleted  of  both  (Fig.  2C,  lane  5)  completely  lost 
the  ability  to  inhibit  cytochrome  c  release,  indicating 
that  both  Mcl-1  and  Bcl-xL  are  necessary  for  full  activity 
(Fig.  2C,  upper  panel). 

To  confirm  that  Bcl-xL  and  Mcl-1  are  sufficient  to  in¬ 
hibit  cytochrome  c  release  from  UV-treated  mitochon¬ 
dria,  purified  recombinant  Bcl-xL  or  Mcl-1  was  incubated 
with  UV-primed  mitochondria.  As  shown  in  the  upper 
panel  of  Figure  2D,  3  nM  Mcl-1  or  10  nM  Bcl-xL  was  able 
to  completely  block  cytochrome  c  when  added  directly 
to  UV-primed  mitochondria  (Fig.  2D,  lanes  6,11).  The 
concentration  of  recombinant  Bcl-xL  and  Mcl-1  in  the 
reactions  is  comparable  with  that  of  Bcl-xL  and  Mcl-1 
present  on  the  mitochondria  and  in  naive  cytosol  (Fig. 
2D,  middle  and  lower  panels,  lanes  1-4). 

UV  irradiation  triggers  a  decrease  in  Mcl-1  levels 
and  the  translocation  of  Bcl-xL  to  the  mitochondria 

The  inhibition  of  cytochrome  c  release  in  naive  cytosol 
is  removed  by  UV  irradiation  (Fig.  1C,  lanes  3-5).  We 


therefore  examined  the  levels  of  Mcl-1  and  Bcl-xL  in  cy¬ 
tosol  and  mitochondria  isolated  from  naive  and  UV- 
treated  cells.  As  shown  in  Figure  3 A,  the  total  amount  of 
Mcl-1  was  markedly  decreased  1  h  after  UV  treatment 
and  completely  disappeared  after  2  h  (Fig.  3 A,  lanes  1-4). 
On  the  other  hand,  the  total  amount  of  Bcl-xL  in  cells  did 
not  change  even  4  h  after  UV  irradiation.  However,  cy¬ 
tosolic  Bcl-xL  started  to  decrease  1  h  after  UV  irradiation 
and  disappeared  by  4  h,  when  robust  apoptosis  is  ob¬ 
served  (Fig.  3A,  middle  panel,  lanes  5-8).  Unlike  Mcl-1, 
there  was  a  corresponding  increase  of  Bcl-xL  on  mito¬ 
chondria,  indicating  that  Bcl-xL  translocates  from  cyto¬ 
sol  to  mitochondria  after  UV  irradiation  (Fig.  3A,  middle 
panel,  lanes  9-12).  As  a  loading  control,  the  levels  of 
cytochrome  c  oxidase,  a  mitochondrial  inner  membrane 
protein,  and  a  cross-reactive  cytosolic  protein  remained 
unchanged  (Fig.  3A,  lower  panel).  The  translocation  of 
Bcl-xL  from  the  cytosol  to  the  mitochondria  was  previ¬ 
ously  described  in  thymocytes  undergoing  apoptosis 
(Hsu  et  al.  1997).  In  that  study,  the  authors  also  showed 
that  Bax,  a  proapoptotic  Bcl-2  family  member,  similarly 
translocated  from  the  cytosol  to  the  mitochondria.  Bax 
translocation,  along  with  cytochrome  c  release  and 
caspase  activation,  is  commonly  used  as  a  marker  for 
apoptosis. 

To  test  whether  the  disappearance  of  Mcl-1  and  trans¬ 
location  of  Bcl-xL  is  specific  to  HeLa  cells,  we  treated 
human  fibroblasts  with  UV  and  tracked  the  levels  of 
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Figure  3.  UV  treatment  induces  the  disappearance  of  Mcl-1  and  the  translocation  of  Bcl-xL.  (A)  HeLa  cells  left  untreated  or  treated 
with  UV  for  different  amounts  of  time  were  either  harvested  for  1%  CHAPS  total  cell  lysate  or  fractionated  into  mitochondria  (Mito) 
and  S100.  The  levels  of  Mcl-1,  Bcl-xL;  and  cytochrome  c  oxidase  were  determined  in  total  cell  lysate  (lanes  1-4),  S100  (lanes  5-8),  and 
Mito  (lanes  9-12).  [B]  Human  fibroblast  cells  were  treated  (as  described  in  Materials  and  Methods)  with  UV  at  different  time  points 
before  harvest.  Mcl-1,  BcI-Xl,  Bax,  and  cytochrome  c  levels  were  compared  in  the  S100.  Mcl-1,  Bcl-xL/  Bax,  and  cytochrome  c  oxidase 
were  compared  in  the  mitochondria. 
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Mcl-1;  Bcl-xL,  and  Bax  in  the  mitochondria  and  cytosol. 
Following  UV  treatment;  both  the  disappearance  of 
Mcl-1  and  the  translocation  of  Bax  and  Bcl-xL  precede 
cytochrome  c  release  (Fig.  3B).  These  data  demonstrate 
that  following  UV  treatment  the  disappearance  of  Mcl-1 
and  translocation  of  Bcl-xL  are  not  restricted  to  HeLa 
cells.  Additionally,  this  experiment  demonstrates  that 
the  translocation  of  Bax  and  Bcl-xL  occurs  with  similar 
kinetics. 

To  determine  if  the  disappearance  of  Mcl-1  is  a  general 
response  to  genotoxic  stress,  we  analyzed  the  levels  of 
Mcl-1  in  cells  treated  with  etoposide  and  y-irradiation.  In 
both  cases,  Mcl-1  disappears  from  the  cytosol  and  mito¬ 
chondria  well  before  cytochrome  c  is  released  and 
caspases  are  activated  (Fig.  4A).  To  evaluate  the  impor¬ 
tance  of  the  disappearance  of  Mcl-1  during  UV-induced 
apoptosis,  we  used  RNA  interference  (RNAi)  to  specifi¬ 
cally  knock  down  the  levels  of  Mcl-1  (Fig.  4B;  Elbashir  et 
al.  2001).  The  levels  of  Mcl-1  were  decreased  in  cells 
transfected  with  Mcl-1  siRNA,  whereas  the  levels  of  Bcl- 
xL  remained  unchanged  (Fig.  4B,  lane  5).  When  Mcl-1  was 
eliminated  by  siRNA  treatment,  UV-induced  caspase-3 
activation  was  accelerated,  suggesting  that  the  disap¬ 
pearance  of  Mcl-1  is  an  important  early  event  in  apopto¬ 
sis  (Fig.  4B,  lower  panel).  However,  Mcl-1  siRNA- treated 
cells  did  not  activate  caspase-3  in  the  absence  of  UV, 


indicating  that  the  elimination  of  Mcl-1  is  not  sufficient 
to  activate  caspase-3. 

Mcl-1  elimination  is  caused  by  a  lack  of  synthesis 

UV-induced  Mcl-1  elimination  could  be  caused  by  accel¬ 
erated  protein  degradation  or  inhibition  of  synthesis.  To 
distinguish  between  these  possibilities,  we  pulse-labeled 
cells  with  35S  methionine  and  chased  with  or  without 
UV  irradiation.  Newly  synthesized  Mcl-1  was  analyzed 
by  immunoprecipitation.  As  shown  in  Figure  5A  and  B, 
Mcl-1  is  a  short-lived  protein  with  a  half-life  of  -40  min. 
Interestingly,  the  half-life  of  Mcl-1  was  the  same  with  or 
without  UV  irradiation,  even  though  the  total  amount  of 
Mcl-1  protein  was  dramatically  decreased  after  UV  irra¬ 
diation  (Fig.  5 A,  lower  panel). 

The  above  experiment  suggests  that  Mcl-1  protein 
synthesis  must  be  blocked  after  UV  irradiation.  To  dem¬ 
onstrate  that  directly,  we  pulse-labeled  the  cells  with  35S 
methionine  at  the  same  time  as  UV  irradiation  (Fig.  5C, 
lanes  1,2).  After  a  60-min  pulse,  newly  synthesized 
Mcl-1  was  dramatically  decreased  if  cells  were  exposed 
to  UV  irradiation.  This  decrease  was  not  affected  by 
blocking  degradation  with  the  proteasome  inhibitor, 
MG  132  (Fig.  5C,  lanes  3,4;  Palombella  et  al.  1994).  To 
verify  that  the  disappearance  of  Mcl-1  protein  is  consis- 
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Figure  4.  Mcl-1  disappears  in  the  early  stages  of  apoptosis  induced  by  other  DNA-damaging  agents.  (A)  Mitochondria  and  SI 00  were 
isolated  from  HeLa  cells  that  were  left  untreated  (lanes  1,5),  treated  with  100  pM  Etoposide  (Sigma;  lanes  2-4),  or  treated  with  100  Gy 
of  y-irradiation  (lanes  6-9)  and  harvested  for  cytosol  and  mitochondria  at  the  indicated  times.  The  levels  of  cleaved  caspase-3, 
cytochrome  c  and  Mcl-1  were  measured  in  SI 00.  Mcl-1  mitochondrial  levels  were  compared  between  the  samples.  The  asterisk 
denotes  a  cross-reactive  band  that  indicates  equal  loading.  [B]  Elimination  of  Mcl-1  by  RNAi  accelerates  UV-induced  apoptosis.  HeLa 
cells  were  pretreated  with  Luciferase  or  Mcl-1  siRNA  as  described  in  Materials  and  Methods.  Triplicate  samples  were  harvested 
without  treatment  (UT)  or  at  different  time  points  after  UV  treatment.  Whole-cell  lysate  prepared  with  0.5%  CHAPS  was  used  to 
determine  the  levels  of  Mcl-1  and  Bcl-xL  by  Western  blot  and  caspase-3  activity  by  a  fluorogenic  assay  as  described  in  Materials  and 
Methods. 
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Figure  5.  The  synthesis  of  Mcl-1  is  blocked  by  UV,  and  the  protein  half-life  is  unchanged.  {A,B)  HeLa  cells  were  incubated  in 
methionine  starvation  medium  for  30  min  before  adding  [35S]methionine  to  pulse  for  1  h.  Following  the  pulse,  cells  were  either 
UV-treated  (lanes  5-8)  or  untreated  (lanes  1-4),  and  then  immediately  chased  by  complete  medium  for  0  (lanes  1,5),  30  min  (lanes  2,6), 
60  min  (lanes  3,7),  or  120  min  (lanes  4,8).  Mcl-1  was  immunoprecipitated  and  analyzed  by  SDS-PAGE.  (£)  The  amount  of  35S-labeled 
Mcl-1  was  quantified  by  Phosphorlmager  analysis  and  plotted  with  respect  to  time.  Values  are  representative  of  three  independent 
experiments.  (C)  HeLa  cells  were  either  left  untreated  (lanes  1,3 )  or  UV-treated  (lanes  2,4),  and  pretreated  with  DMSO  (lanes  1,2)  or  10 
pM  MG132  (lanes  3,4),  and  then  methionine- starved  for  30  min  followed  by  1  h  of  labeling  with  [35S]methionine.  After  labeling,  the 
synthesis  of  new  Mcl-1  was  measured  by  Mcl-1  immunoprecipitation,  and  total  Mcl-1  levels  were  determined  by  Western  blot.  (D) 
HeLa  cells  were  left  untreated  (lanes  1,5),  UV-treated  (lanes  2-4),  or  treated  with  20  pM  cycloheximide  (lanes  6-8).  At  the  indicated 
times  after  treatment,  the  cells  were  harvested  for  S100  and  mitochondria.  The  levels  of  Mcl-1  were  determined  by  Western  blotting 
both  fractions. 


tent  with  the  inhibition  of  its  synthesis,  we  treated  HeLa 
cells  with  an  inhibitor  of  protein  synthesis,  cyclohexi¬ 
mide,  and  checked  the  fate  of  Mcl-1  protein  in  the  same 
time  course  as  UV  irradiation.  As  shown  in  Figure  5D, 
Mcl-1  disappeared  after  UV  or  cycloheximide  treatment 
at  a  similar  rate. 

Pzoteasome-mediated  degradation  of  Mcl-1  is  required 
for  UV-induced  apoptosis 

The  short  half-life  of  Mcl-1  is  due  to  constitutive  polyu- 
biquitination  and  subsequent  degradation  by  the  protea- 
some  (data  not  shown).  Hence,  to  test  whether  the  elimi¬ 
nation  of  Mcl-1  is  necessary  for  apoptosis,  we  incubated 
UV-treated  cells  in  the  presence  of  MG132  or  another 
structurally  unrelated  proteasome  inhibitor,  epoxomicin 
(Meng  et  al.  1999).  As  shown  in  Figure  6A,  both  inhibi¬ 
tors  efficiently  block  the  degradation  of  Mcl-1  (Fig.  6A, 
lanes  5-12).  Concomitantly,  they  also  block  other  bio¬ 
chemical  markers  of  apoptosis  including  Bcl-xL  and  Bax 
translocation,  Bak  oligomerization  (data  not  shown),  cy¬ 
tochrome  c  release,  and  caspase-3  activation. 


To  ensure  that  the  antiapoptotic  effect  of  the  protea¬ 
some  inhibitors  was  due  specifically  to  the  accumula¬ 
tion  of  Mcl-1,  we  first  eliminated  Mcl-1  using  RNAi  and 
then  tested  the  effect  of  the  proteasome  inhibitors.  As 
shown  in  Figure  6B,  pretreatment  of  HeLa  cells  with 
Mcl-1  siRNA  completely  blocked  the  ability  of  MG  132 
or  epoxomicin  (data  not  shown)  to  prevent  Bcl-xL  and 
Bax  translocation,  cytochrome  c  release,  and  caspase-3 
activation  (Fig.  6B,  lanes  4-6,  and  bar  graph).  However,  in 
control  siRNA-treated  cells,  proteasome  inhibitors  effi¬ 
ciently  blocked  all  of  these  events  (Fig.  6B,  lanes  1-3,  and 
bar  graph). 

Mcl-1  is  upstream  of  Bcl-xL  and  Bax  translocation 

The  ability  of  proteasome  inhibitors  to  block  Bcl-xL/Bax 
translocation,  Bak  oligomerization,  cytochrome  c  re¬ 
lease,  and  caspase-3  activation  indicates  that  protea- 
some-mediated  degradation  of  Mcl-1  is  an  upstream  step 
in  this  apoptotic  pathway.  This  hypothesis  predicts  that 
if  the  levels  of  Mcl-1  are  artificially  elevated,  down¬ 
stream  events  such  as  Bax  and  Bcl-xL  translocation  will 
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Figure  6.  Proteasome  inhibitors  block  the  decrease  of  Mcl-1,  the  translocation  of  Bcl-xL,  and  other  apoptotic  events  after  UV 
treatment.  (A)  Mitochondria  and  SI 00  were  fractionated  from  HeLa  cells  treated  with  UV  for  different  amounts  of  time  and  pretreated 
for  1  h  with  DMSO  (lanes  1-4),  10  pM  MG132  (lanes  5-8),  or  10  pM  epoxomicin  (lanes  9-12).  The  levels  of  Mcl-1,  Bcl-xL,  Bax,  and 
cytochrome  c  oxidase  were  measured  in  the  mitochondria.  The  levels  of  Mcl-1,  Bcl-xL,  cytochrome  c,  and  cleaved  caspase-3  were 
measured  in  the  cytosol.  (B)  Six  6-well  dishes  of  HeLa  cells  were  transfected  with  Luciferase  or  Mcl-1  siRNA  as  described  in  Materials 
and  Methods.  For  each  sample,  two  dishes  were  pretreated  (30  min)  24  h  later  with  DMSO  (lanes  1,2, 4, 5)  or  10  pM  MG132  (lanes  3,6). 
Cells  were  either  left  untreated  (lanes  1,4 )  or  UV-treated  (lanes  2, 3, 5, 6)  and  harvested  4  h  later.  A  small  aliquot  of  the  cell  pellet  was 
used  to  make  whole  cell  lysate  in  0.5%  CHAPS  for  the  caspase  assay.  The  remaining  cells  were  fractionated  for  mitochondria  and  S100. 
The  levels  of  Mcl-1,  BcI-Xl,  Bax,  and  cytochrome  c  oxidase  were  measured  in  the  mitochondria.  The  levels  of  Mcl-1,  Bcl-xL,  Bax,  and 
cytochrome  c  were  measured  in  the  cytosol. 


be  delayed.  We  tested  this  hypothesis  by  developing  two 
independent  HeLa  cell  lines  that  stably  express  Flag- 
tagged  Mcl-1  under  a  CMV  promoter.  In  response  to  UV 
irradiation,  both  the  levels  of  endogenous  Mcl-1  and  the 
tagged  Mcl-1  expressed  from  the  transgene  decreased 
(Fig.  7  A,  lanes  5-12).  Nevertheless,  4  h  after  UV  irradia¬ 
tion,  there  was  still  some  Flag-tagged  Mcl-1  protein  in 
the  cytosol  and  mitochondria  (Fig.  7 A,  lanes  8,12).  When 
the  levels  of  Mcl-1  are  artificially  elevated  in  Mcl-1 
transgenic  cells,  cytochrome  c,  Bcl-xL,  and  Bax  do  not 
translocate  4  h  after  UV  irradiation  in  contrast  to  a  con¬ 
trol  HeLa  cell  line  that  expresses  the  Neo  vector  (Fig.  7 A, 
lanes  1-4),  indicating  that  the  elimination  of  Mcl-1  is  a 
required  upstream  event  for  Bcl-xL  and  Bax  transloca¬ 
tion. 

To  verify  that  Mcl-1  degradation  and  Bax/Bcl-xL  trans¬ 
location  are  sequential  events  and  not  merely  a  product 
of  antiapoptotic  protein  overexpression,  we  examined  a 
Bcl-xL-overexpressing  HeLa  cell  line,  which  also  does 
not  release  cytochrome  c  after  UV  treatment  (data  not 
shown).  After  UV  treatment,  despite  extremely  high  lev¬ 


els  of  exogenous  Bcl-xL  expression,  Mcl-1  is  eliminated 
at  the  same  rate  (Fig.  7B,  lanes  4-6).  Moreover,  in  con¬ 
trast  to  Mcl-1  overexpression,  exogenous  expression  of 
Bcl-xL  does  not  inhibit  the  translocation  of  Bax  or  Bcl-xL 
to  the  mitochondria  (Fig.  7C,  lanes  6-10).  Bcl-xL  overex¬ 
pression  does,  however,  block  the  oligomerization  of  Bax 
on  the  mitochondria  (Fig.  7C,  bottom  panel)  suggesting 
the  following  sequence  of  events:  Mcl-1  degradation,  Bcl- 
xL/Bax  translocation  to  the  mitochondria,  Bax  oligomer¬ 
ization,  and  cytochrome  c  release. 

Discussion 

Mcl-1  and  Bcl-xL  function  at  different  steps 
in  a  UV-induced  apoptotic  pathway 

The  Bcl-2  family  is  composed  of  both  pro-  and  antiapop¬ 
totic  proteins  that  share  sequence  and  structural  homol¬ 
ogy  (Cory  and  Adams  2002).  Most  of  the  initial  studies  of 
the  Bcl-2  family  used  overexpression  as  a  means  of  char¬ 
acterizing  the  apoptotic  nature  of  the  proteins  (Vaux  et 
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Figure  7.  The  disappearance  of  Mcl-1  is  a  required  upstream  event  for  UV-induced  apoptosis.  [A]  After  UV  treatment,  mitochondria 
and  S100  were  isolated  from  vector  control  (lanes  1-4)  and  two  independent  Flag-Mcl-1 -overexpressing  lines:  line  120  (lanes  5-8 )  and 
line  123  (lanes  9-12).  The  levels  of  Mcl-1,  Bcl-xL,  Bax,  and  cytochrome  c  oxidase  were  measured  in  the  mitochondria.  The  levels  of 
Mcl-1,  Bcl-xL,  cytochrome  c,  and  cleaved  caspase-3  were  measured  in  the  cytosol.  (B)  Mcl-1  levels  were  analyzed  in  mitochondria  and 
S100  fractionated  from  Vector  (lanes  1-3 )  or  Flag-Bcl-xL-overexpressing  (lanes  4-6 )  cells  treated  with  UV  for  1  h  (lanes  2,5)  or  4  h  (lanes 
3,6).  (C)  HeLa  cells  that  stably  express  the  Neo  vector  (lanes  1-5)  or  Flag-Bcl-xL  (lanes  6-10)  were  left  untreated  or  UV-treated  and 
harvested  between  1  and  6  h  later  for  mitochondria  and  SI 00.  The  levels  of  Flag-Bcl-xL,  Bcl-xL,  and  Bax  were  determined  in  the  SI 00 
and  mitochondria.  Mitochondria  were  also  used  to  evaluate  Bax  oligomerization. 


al.  1988;  Oltvai  et  al.  1993).  Although  effective  at  sepa¬ 
rating  pro-  and  antiapoptotic  characteristics,  overexpres¬ 
sion  studies  do  not  differentiate  specific  functions 
within  the  pro-  or  antiapoptotic  groups. 

Recently,  genetic  experiments  separated  the  proapop- 
totic  members  of  the  Bcl-2  family  into  two  functional 
classes:  Bax/Bak  and  BH3-only  proteins.  BH3-only  pro¬ 
teins  are  upstream  of  Bax/Bak  because  BH3-only  proteins 
fail  to  trigger  cytochrome  c  release  in  Bax/Bak-deficient 
cells  (Cheng  et  al.  2001;  Wei  et  al.  2001;  Zong  et  al. 
2001).  On  the  other  hand,  mouse  knock' out  models  have 
proven  less  effective  at  sorting  out  the  functions  of  the 
antiapoptotic  Bcl-2  family  members.  Mcl-1 -null  em¬ 
bryos  have  a  preimplantation  lethal  phenotype,  revealing 
only  that  Mcl-1  has  an  important  and  early  role  in  de¬ 
velopment  (Rinkenberger  et  al.  2000).  The  knockout  of 
Bcl-xL  was  also  early  embryonic  lethal;  the  embryo  dis¬ 
played  widespread  apoptosis,  indicating  that  this  gene 
also  functions  early  in  development  (Motoyama  et  al. 
i995). 

Using  a  biochemical  approach,  this  study  demon¬ 
strates  that  the  antiapoptotic  members  of  the  Bcl-2  fam¬ 
ily  also  function  at  distinct  steps.  Mcl- 1  is  at  the  apical 


point  in  the  pathway.  The  disappearance  of  Mcl-1  is  re¬ 
quired  for  downstream  events  including  Bcl-xL  and  Bax 
translocation,  Bak  and  Bax  oligomerization,  cytochrome 
c  release,  and  caspase  activation.  Mcl-1  may  regulate 
downstream  events  by  sequestering  proapoptotic  BH3 
proteins  that  activate  downstream  events  such  as  Bax/ 
Bcl-xL  translocation  and  Bax/Bak  oligomerization  (Letai 
et  al.  2002). 

The  cytosol-to -membrane  translocation  of  both  pro¬ 
apoptotic  Bax  and  antiapoptotic  Bcl-xL  is  counterintui¬ 
tive  and  seemingly  counterproductive.  However,  be¬ 
cause  the  levels  of  Bax  are  in  excess  of  Bcl-xL  in  HeLa 
cells  (M.  Fang  and  X.  Wang,  unpubl.),  continuous  trans¬ 
location  of  Bax  may  eventually  result  in  excess  free  Bax 
on  the  mitochondria,  leading  to  oligomerization.  Consis¬ 
tent  with  this  model,  Bcl-xL  overexpression  blocks  oligo¬ 
merization  but  does  not  affect  Bcl-xL  or  Bax  transloca¬ 
tion  (Fig.  7C).  The  effect  of  Bcl-2  overexpression  on  Bax 
translocation  when  apoptosis  is  induced  by  growth  fac¬ 
tor  deprivation  is  variable.  Bcl-2  overexpression  blocks 
Bax  translocation  in  B-cells  after  IL-3  withdrawal  but  not 
in  primary  neurons  after  NGF  withdrawal  (Gross  et  al. 
1998;  Putcha  et  al.  1999). 
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Mcl-1  removal  required  in  UV  apoptosis 


Mcl-1  is  an  apical  sensor  for  apoptotic  stimuli 

The  elimination  of  Mcl-1  is  not  limited  to  UV  irradia¬ 
tion.  Genotoxic  stress  induced  by  etoposide  or  y-irradia- 
tion  also  efficiently  induces  Mcl-1  elimination  (Fig.  4A), 
suggesting  that  the  disappearance  of  Mcl-1  may  be  initi¬ 
ated  through  a  common  pathway.  Previous  studies  have 
shown  that  UV  irradiation,  y-irradiation,  and  etoposide 
treatment  induce  an  arrest  in  protein  synthesis  (Clemens 
et  al.  2000).  UV  light  treatment  triggers  the  ubiquitina- 
tion  and  subsequent  degradation  of  RNA  polymerase  II 
and  the  GCN2-mediated  phosphorylation  of  eIF2ct  to  ar¬ 
rest  transcription  and  translation,  respectively  (Bregman 
et  al.  1996;  Deng  et  al.  2002).  Because  Mcl-1  protein  and 
mRNA  both  have  short  half-lives  (Yang  et  al.  1996), 
Mcl-1  can  serve  as  a  sensor  of  acute  changes  in  the  rate 
of  mRNA  and  protein  synthesis  after  genotoxic  stress. 
On  the  other  hand,  increased  Mcl-1  synthesis  may  en¬ 
hance  the  general  well  being  of  the  cell.  Growth  factor 
pathways  that  promote  cell  survival  through  the  AKT/ 
PI3  kinase  pathway  up-regulate  Mcl-1  mRNA  levels 
(Wang  et  al.  1999;  Huang  et  al.  2000;  Liu  et  al.  2001 ).  Our 
study  predicts  that  this  up-regulation  of  Mcl-1  may  ex¬ 
plain  how  growth  factors  render  cells  less  sensitive  to 
apoptotic  stimuli  (Datta  et  al.  1999). 

Although  the  elimination  of  Mcl-1  by  an  arrest  in  syn¬ 
thesis  is  required,  this  event  is  not  sufficient  for  activa¬ 
tion  of  the  mitochondrial  apoptosis  pathway.  The  elimi¬ 
nation  of  Mcl-1  by  RNAi  did  not  induce  Bax/Bcl-xL 
translocation,  Bax/Bak  oligomerization  (data  not  shown), 
cytochrome  c  release,  and  caspase  activation  (Figs.  4B, 
6B).  Therefore,  another  UV-induced  event  in  addition  to 
the  elimination  of  Mcl-1  must  be  required  to  promote 
this  pathway.  In  other  systems,  it  appears  that  Mcl-1 
disappearance  is  both  necessary  and  sufficient  for  apop¬ 
tosis.  For  example,  it  is  possible  to  induce  apoptosis  in  a 
multiple  myeloma  cell  line  merely  by  treating  it  with 
inhibitors  of  protein  synthesis  or  by  specifically  remov¬ 
ing  Mcl-1  with  anti-sense  oligonucleotides  (Zhang  et  al. 
2002).  In  this  system,  depletion  of  Mcl-1  is  the  only  hit 
needed  for  apoptosis. 

Stress-activated  pathways  have  also  been  implicated 
in  UV-induced  cytochrome  c  release.  Fibroblasts  defi¬ 
cient  in  JNK1/JNK2  kinases  fail  to  release  cytochrome  c 
in  response  to  UV  treatment  (Toumier  et  al.  2000).  JNK 
kinases  might  activate  the  Mcl-1  pathway  by  directly 
phosphorylating  and  inactivating  Mcl-1  as  they  do  after 
oxidative  stress  (Inoshita  et  al.  2002).  Alternatively,  JNK 
activity  might  regulate  pathways  leading  to  a  stop  in 
Mcl-1  synthesis  or  initiate  a  separate  required  pathway. 
All  of  these  possibilities  can  now  be  tested  in  JNK-defi- 
cient  cells. 

The  quest  to  delineate  the  apoptosis  pathway  up¬ 
stream  of  cytochrome  c  release  is  partly  motivated  by 
data  suggesting  that  mitochondrial  damage  from  pro- 
apoptotic  Bcl-2  family  members  is  toxic  to  cells  even  in 
the  absence  of  caspase  activation  (Xiang  et  al.  1996). 
Hence,  potential  therapies  that  inhibit  apoptosis  before 
the  onset  of  mitochondrial  dysfunction  are  likely  to  be 
more  effective  than  direct  caspase  inhibitors.  The  se¬ 


quential  nature  of  the  apoptotic  signal  transduction 
pathway  revealed  by  this  study  offers  several  points  for 
potential  intervention.  Novel  therapies  that  block  Mcl-1 
degradation  may  effectively  prevent  apoptosis  and  cell 
death. 

Materials  and  methods 

Reagents 

The  following  antibodies  were  used  for  Western  blots:  mono¬ 
clonal  Bak  Ab-1  (Oncogene),  monoclonal  cytochrome  c  (Pharm- 
ingen),  polyclonal  Bcl-xL  (Cell  signaling),  monoclonal  Mcl-1 
(Pharmingen),  monoclonal  caspase-2  (Pharmingen),  polyclonal 
caspase-3  (cell  signaling),  monoclonal  caspase-9  (Cell  Signaling), 
and  polyclonal  Bax  N-20  (Santa  Cruz).  Immunoprecipitations  or 
immunodepletions  for  Mcl-1  and  Bcl-xL  were  performed  with 
polyclonal  antibodies  to  Mcl-1  (Pharmingen)  and  Bcl-xL  (Cell 
Signaling).  Z-VAD.fmk,  cycloheximide,  MG132,  epoxomicin, 
caspase-3  fluorogenic  II  substrate,  phosphatase  inhibitor  cock¬ 
tail  II,  and  A.  Protein  Phosphatase  were  all  obtained  from  Cal- 
biochem. 

UV  treatment  and  cellular  fractionation 

HeLa  cells  were  plated  at  a  density  of  2  x  107  cells  in  a  15-cm 
dish  with  DMEM  medium  supplemented  with  10%  FBS.  Sev¬ 
eral  hours  before  treatment,  each  dish  was  replaced  with  13  mL 
of  fresh  medium.  The  cover  of  each  dish  was  removed  before  the 
cells  were  treated  in  a  Stratagene  stratalinker  with  200  mj/cm2 
of  UV  irradiation  (254  nm).  At  the  indicated  times  after  treat¬ 
ment,  cells  were  scraped,  collected,  and  washed  once  in  PBS. 
The  cell  pellet  was  resuspended  in  5  times  the  volume  of  Buffer 
A  (20  mM  HEPES,  10  mM  KCl,  1.5  mM  MgCl2,  1  mM  EDTA,  I 
mM  EGTA,  1  mM  DTT,  0.1  mM  PMSF,  and  Complete  Protease 
Inhibitor;  Roche)  supplemented  with  250  mM  sucrose.  The  re¬ 
suspended  cell  pellet  was  incubated  on  ice  for  15  min  before  the 
cells  were  broken  by  passing  them  through  a  22-gauge  needle  25 
times.  The  resulting  broken  cell  mixture  was  centrifuged  in 
three  sequential  steps:  1000#,  10,000#,  and  100,000#.  The 
10,000#  pellet  was  considered  the  "mitochondrial"  fraction  and 
the  100,000#  supernatant  (S100)  the  cytosol.  Mitochondrial  pel¬ 
lets  were  lysed  in  SDS  loading  buffer,  and  equal  volumes  were 
analyzed  by  SDS-PAGE.  SI 00  protein  concentrations  were  nor¬ 
malized  using  the  Bio-Rad  Bradford  reagent. 

Recombinant  Mcl-1  and  Bcl-xL 

The,  pDNA  of  full-length  human  Mcl-1  was  subcloned  into  Nde I 
and  Sapl  sites  of  the  pTYBl  vector  (New  England  Biolabs).  Full- 
length  Bcl-xL  cDNA  was  cloned  into  Nde  I  and  Xhol  sites  of  the 
petl5B  vector  (Novagen).  BL21  (DE3)  cells  were  transformed 
with  these  constructs,  and  the  recombinant  proteins  were  pu¬ 
rified  according  to  the  manufacturer's  protocol  (New  England 
Biolabs  and  QIAGEN,  respectively).  The  eluted  recombinant 
Mcl-1  protein  was  purified  in  two  additional  steps:  Hi  trap  Q 
sepharose  and  Superdex  200  size  exclusion  chromatography. 
The  eluted  recombinant  Bcl-xL  was  further  purified  on  a  Hitrap 
Q  sepharose  column. 

-  In  Vitro  assays  for  mitochondrial  priming 
and  inhibitory  activity 

Mitochondria  (0.67  mg/mL)  alone  or  with  SI 00  (4  mg/mL)  were 
incubated  in  Buffer  A  with  250  mM  sucrose  and  150  mM  NaCl 
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at  37° C  for  15  min.  Following  incubation,  the  mitochondria 
were  pelleted,  and  the  supernatant  was  tested  for  cytochrome  c 
release.  The  mitochondria  pellet  was  tested  for  Bak  oligomer¬ 
ization  (Wei  et  al.  2000). 

During  biochemical  fractionation,  to  increase  our  yield  we 
made  SI 00  from  HeLa  cells  using  Buffer  A  without  sucrose. 
Hypotonic  buffers  cause  mitochondrial  rupture  and  cytochrome 
c  contamination  in  the  S100.  Contaminating  cytochrome  c  was 
removed  from  the  SI 00  by  incubating  with  SP-sepharose  XL 
resin  (Amersham)  at  4°C  for  1  h.  Cytochrome  c  binds  SP  resin, 
but  our  activity  does  not  (data  not  shown). 

Mcl-1  RNA  interference 

Annealed,  purified,  and  desalted  double-stranded  siRNA,  Lucif- 
erase  (AACGUACGCGGAAUACUUCGA),  and  Mcl-1 
(AAGAAACGCGGUAAUCGGACU)  were  ordered  from  Dhar- 
macon  Research.  Then  1.5  x  10s  HeLa  cells  were  plated  in  a 
6-well  dish  on  day  0.  On  day  1,  cells  were  transfected  with  200 
nM  siRNA  in  Opti-MEM  medium  (Invitrogen)  without  FBS  us¬ 
ing  Oligofectamine  reagent  (Invitrogen)  according  to  the  manu¬ 
facturer's  transfection  protocol.  After  4  h,  FBS  was  added  to  a 
final  concentration  of  10%.  On  day  2,  the  medium  over  the  cells 
was  adjusted  to  1  mL  before  treatment. 

Fluorogenic  assay  for  caspase-3  activity 

In  a  20-pL  system,  10  jig  of  whole  cell  lysate  was  incubated  in 
Buffer  A  containing  0.125%  CHAPS  and  10  pM  fluorogenic 
DEVD  substrate.  Samples  were  applied  to  a  384-well  micro¬ 
plate,  and  the  reaction  was  carried  out  at  30°C.  Every  10  min, 
the  samples  were  excited  at  360  nM  and  the  OD465  nM  was 
measured  by  the  SpectraFluor4  spectrometry  reader  (TECAN). 

Mcl-1  pulse-chase  experiments 

HeLa  suspension  cells  were  plated  at  a  density  of  5  x  106  cells 
per  10-cm  dish.  For  the  pulse  chase,  the  cells  were  washed  with 
phosphate-buffered  saline  (PBS),  starved  in  methionine/cyste¬ 
ine-free  DMEM  (GIBCO-BRL)  at  37°C  for  30  min,  then  labeled 
with  200-500  pCi  of  [35S]cysteine/methionine  (ICN)  per  plate  at 
37°C  for  60  min.  After  labeling,  the  cells  were  chased  with 
complete  DMEM  containing  10%  FBS  and  2  M  cold  methionine 
at  37°C  for  the  indicated  amount  of  time.  A  total  of  107  cells 
were  collected  at  each  time  point.  Cells  were  subsequently  sub¬ 
jected  to  immunoprecipitation  analysis  as  described  below. 

Immunoprecipitation 

For  immunodepletion  and  Mcl-1  immunoprecipitation  experi¬ 
ments,  samples  were  incubated  with  beads  precoupled  to  anti¬ 
body.  Protein  A  agarose  beads  (Santa  Cruz;  0.5-mL  bed  volume) 
were  incubated  in  1  mL  of  PBS  with  1  mg/mL  of  BSA  at  4°C 
alone  overnight,  with  100  pg  of  polyclonal  antibodies  to  Mcl-1 
or  Bcl-xL.  After  incubation,  the  beads  were  pelleted  by  centrifu¬ 
gation  and  washed  at  least  5  times  with  Buffer  A.  For  immuno¬ 
depletion  reactions,  50  pL  of  beads  were  incubated  with  500  pL 
of  SI 00  (5  mg/mL)  with  rotation  at  4°C  overnight.  After  incu¬ 
bation,  the  beads  were  pelleted,  and  the  supernatant  was  col¬ 
lected  as  immunodepleted  S100. 

For  pulse-chase  experiments,  radiolabeled  cells  were  lysed  in 
cold  RIPA  lysis  buffer  (10  mM  Tris-HCl  at  pH  7.4,  1%  NP-40,  1 
mM  EDTA,  0.1%  SDS,  150  mM  NaCl)  with  fresh  proteinase 
inhibitors,  followed  by  breaking  through  a  25-gauge  syringe  20 
times.  Equivalent  amounts  of  cell  extract  were  adjusted  to  equal 
volumes  with  RIPA  buffer,  precleared  with  protein  A  agarose 


beads,  and  clarified  by  centrifugation.  Lysates  were  then  incu¬ 
bated  with  polyclonal  antibodies  to  Mcl-1  at  4°C  overnight,  and 
the  immune  complexes  were  precipitated  with  protein  A  aga¬ 
rose  beads  for  4-6  h.  The  immunoprecipitates  were  washed  five 
times  with  RIPA  buffer  and  incubated  at  95°C  for  5  min  in  SDS 
sample  buffer.  Samples  were  subjected  to  (SDS-PAGE)  followed 
by  autoradiography. 

Mcl-1-  and  Bcl-xL-overexpressing  stable  cell  lines 

Full-length  Mcl-1  cDNA  was  cloned  into  HindUl  and  BamHl 
sites  of  p3XFLAG-CMV-10  (Sigma).  The  resulting  fusion  protein 
was  full-length  Mcl-1  with  three  Flag  epitopes  at  the  N  termi¬ 
nus  followed  by  a  two-amino-acid  linker.  The  full-length  Bcl-xL 
was  cloned  into  Xhol  and  Nde I  sites  of  pCDNA  3.1(-)  (Invitro¬ 
gen)  with  a  single  Flag  tag  at  the  N  terminus  followed  by  a  short 
linker  sequence.  Empty  vector  or  subcloned  plasmids  were 
transfected  into  5  x  10s  attached  HeLa  cells  grown  in  DMEM 
with  10%  FBS  using  Lipofectamine  Plus  transfection  reagent 
(Invitrogen)  according  to  the  manufacturer's  protocol.  Then,  2  d 
later,  the  cells  were  transferred  to  20  100-mm  dishes  in  DMEM 
with  10%  FBS  and  0.5  mg/mL  of  G418.  After  several  weeks, 
individual  clones  were  lifted  and  tested  for  expression  of  the 
transgene. 
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Summary 

We  have  isolated  and  functionally  characterized  a 
multicomponent  Oct-1  coactivator,  OCA-S  which  is 
essential  for  S  phase-dependent  histone  H2B  tran¬ 
scription.  The  p38  component  of  OCA-S  binds  directly 
to  Oct-1,  exhibits  potent  transactivation  potential,  is 
selectively  recruited  to  the  H2B  promoter  in  S  phase, 
and  is  essential  for  S  phase-specific  H2B  transcription 
in  vivo  and  in  vitro.  Surprisingly,  p38  represents  a  nu¬ 
clear  form  of  glyceraldehyde-3-phosphate  dehydroge¬ 
nase,  and  binding  to  Oct-1,  as  well  as  OCA-S  function, 
is  stimulated  by  NAD+  but  inhibited  by  NADH.  OCA-S 
also  interacts  with  NPAT,  a  cyclin  E/cdk 2  substrate 
that  is  broadly  involved  in  histone  gene  transcription^,  ^ 
These  studies  thus  link  the  H2B  transcriptional  ma¬ 
chinery  to  cell  cycle  regulators,  and  possibly  to  cellular 
metabolic  state  (redox  status),  and  set  the  stage  for 
studies  of  the  underlying  mechanisms  and  the  basis 
for  coordinated  histone  gene  expression  and  coupling 
to  DNA  replication. 

Introduction 

Histones  are  essential  components  of  eukaryotic  chro¬ 
mosomes  and  play  key  roles  in  their  maintenance,  repli¬ 
cation,  and  function.  The  genes  that  encode  the  various 
histone  subtypes  (HI ,  H2A,  H2B,  H3,  and  H4)  are  present 
in  multiple  copies,  regulated  at  both  transcriptional  and 
posttranscriptional  levels,  and  expressed  predomi¬ 
nantly  in  an  S  phase-  and  DNA  replication-dependent 
fashion.  Earlier  studies  on  transcriptional  mechanisms 
identified  essential  subtype-specific  regulatory  ele¬ 
ments  (SSREs)  in  the  promoters  of  the  S  phase-inducible 
histone  genes,  as  well  as  transcription  factors  that  bind 
directly  to  these  elements  (reviewed  in  Osley,  1 991).  The 
cognate  SSRE  binding  factors,  however,  seem  not  to 
account  for  the  S  phase  regulation  of  histone  gene  tran¬ 
scription.  For  example,  the  SSRE  of  the  human  H2B 
gene  contains  a  conserved  octamer  sequence,  5-ATG 
CAAAT-3',  that,  along  with  the  TATA  box,  is  necessary 
and  sufficient  for  S  phase-dependent  H2B  transcription 
(LaBella  et  al.,  1988).  However,  the  ubiquitous  octamer 
binding  protein  (Oct-1)  that  acts  through  this  element 
(Fletcher  et  al.,  1987)  cannot  account  for  the  S  phase 
regulation  since  it  shows  no  variation  in  expression  lever, 
DNA  binding  activity,  or  modification  during  the  G1  to 
S  and  S  to  G2  phases  of  the  cell  cycle  (Segil  et  al.,  1 991). 
These  studies  suggested  the  possible  involvement  of 
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an  S  phase-specific  cofactor(s)  or  modification  of  the 
general  transcription  machinery  in  conferring  S  phase- 
specific  H2B  transcription. 

Transcriptional  cofactors  facilitate  functional  commu¬ 
nication  between  sequence-specific  transcriptional  ac¬ 
tivators  bound  to  distal  regulatory  elements  and  the 
basal  transcription  machinery  assembled  on  proximal 
core  promoter  elements  (reviewed  in  Malik  and  Roeder, 
2000).  While  most  cofactors  are  ubiquitous  and  mediate 
the  function  of  diverse  activators  on  a  variety  of  genes, 
a  subset  play  more  specialized  roles  in  gene  activation 
and  thus  provide  a  paradigm  for  cell-  and  gene-specific 
transcriptional  regulation.  This  was  exemplified  by  the 
biochemical  identification  of  the  B  cell-specific  coacti¬ 
vator  OCA-B  (Oct  Co-Activator  from  B  cells;  Luo  et  al., 
1992),  which  mediates  B  cell-specific  immunoglobulin 
(Ig)  promoter  activation  in  conjunction  with  either  the 
ubiquitously  expressed  Oct-1  or  the  B-cell-enriched 
Oct-2.  OCA-B  binds  to  the  POU  domains  of  the  Oct 
factors  and  is  the  major  determinant  of  B  cell-restricted, 
octamer-dependent  Ig  promoter  activity  (reviewed  in 
Luo  and  Roeder,  1999).  Purified  Oct-1  and  OCA-B  were 
shown  to  fully  stimulate  Ig  promoters  in  a  system  recon¬ 
stituted  with  highly  purified  general  initiation  factors  and 
a  general  coactivator  fraction  termed  USA;  however, 
the  failure  of  Oct-1  to  stimulate  transcription  from  an 
octamer-containing  H2B  promoter  in  this  assay  system 
led  us  to  postulate  the  existence  of  an  Oct-1  CoActivator 
in  S  phase  (OCA-S)  that  confers  high-level  H2B  promoter 
activation  (Luo  and  Roeder,  1995). 

More  recent  studies  of  cyclin  E/cdk2,  a  kinase  known 
to  regulate  the  G1/S  transition  and  multiple  S  phase 
events  including  histone  synthesis  (reviewed  in  Ewen, 
2000),  have  identified  a  substrate  (NPAT)  that  has  been 
implicated  in  histone  gene  regulation.  Thus,  overexpres¬ 
sion  of  NPAT  stimulates  H2B,  H3,  and  H4  promoter  activ¬ 
ities  in  a  manner  that  is  dependent  on  the  SSREs  within 
each  promoter  and  that  requires  phosphorylation  of 
NPAT  by  cyclin  E/cdk2  (Ma  et  al.,  2000;  Zhao  et  al., 
2000).  Chromatin  immunoprecipitation  (ChIP)  assays 
further  indicated  an  association  of  NPAT,  as  well  as 
cyclin  E,  with  the  H2B,  H3,  and  H4  promoters  (Zhao  et 
al.,  2000).  These  studies  demonstrated  an  apparently 
global  role  for  NPAT  in  the  regulation  of  histone  tran¬ 
scription,  although  its  mechanism  of  action  on  individual 
histone  genes,  and  whether  it  acts  directly  or  indirectly, 
is  not  yet  known. 

Here,  we  describe  the  functional  identification  and 
purification  of  the  OCA-S  activity.  Further  characteriza¬ 
tion  of  this  multicomponent  cofactor  has  established  a 
key  role(s)  for  the  p38  subunit,  identical  to  glyceralde- 
hyde-3-phosphate  dehydrogenase  (GAPDH),  in  mediat¬ 
ing  S  phase-inducible  H2B  promoter  activation,  as  well 
as  a  link  between  OCA-S  and  NPAT. 

Results 

OCA-S  Copurifies  with  Seven  Polypeptides 
Although  high  level  octamer-dependent  transcription  of 
the  H2B  promoter  was  observed  in  nuclear  extracts  from 
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Figure  1.  Identification  and  Purification  of 
the  OCA-S  Activity 

(A)  Purification  scheme. 

(B)  Identification  of  the  OCA-S  activity.  Reac¬ 
tions  contained  the  purified  components  indi¬ 
cated  at  the  top  of  the  image  and  0  (lane  1), 
6  (lane  2),  or  15  (lane  3)  pg  of  P11  0.3  M 
KCI  OCA-S  fraction.  Transcription  levels  were 
measured  by  primer  extension  with  75  nt  (IgH) 
and  110  nt  (H2B)  signals. 

(C)  Differential  functions  of  OCA-B  and 
OCA-S  on  IgH  and  H2B  promoters.  Templates 
containing  promoter  sequences  with  an  in¬ 
tact  (OCTA+)  or  mutated  (OCTA")  octamer 
element  were  assayed  in  the  presence  of  a 
reference  Spl  -dependent  template.  The  sys¬ 
tem  contained  the  same  components  as  in  (B) 
except  for  the  addition  of  Spl  and  omission  of 
OCA-B.  Coactivators  OCA-B  (recombinant) 
and  OCA-S  (hydroxyapatite  fraction)  were 
added  as  indicated. 

(D)  Polypeptide  composition  of  the  purified 
OCA-S  activity.  Upper  image,  protein  profiles 
revealed  by  SDS-PAGE  analysis.  The  Input 
(Inp)  lane  corresponds  to  the  OCA-S  fraction 
prior  to  S300  chromatography  and  the  re¬ 
maining  lanes  correspond  to  S300  column 
fractions  (indicated  by  numbers).  Lower  im¬ 
age,  OCA-S  activity  examined  for  the  above- 
described  fractions  in  the  assay  system 
described  in  (B).  The  upper  image  also  high¬ 
lights  (by  dots)  the  activity  peak  (#20)  along 
with  polypeptides  that  correlate  with  the 
OCA-S  activity,  with  their  molecular  weights 
in  kDa  indicated  on  the  left.  The  positions  of 
molecular  weight  (MW)  markers  for  the  gel 
are  shown  on  the  right. 


dividing  HeLa  cells,  only  basal  transcription  was  ob¬ 
served  in  an  assay  system  that  contained  purified  gen¬ 
eral  transcription  factors,  the  USA  coactivator  fraction, 
purified  Oct-1 ,  and  the  B-cell  coactivator  OCA-B  (Luo 
and  Roeder,  1995).  However,  transcription  of  the  H2B 
promoter  in  this  assay  system  was  markedly  and  selec¬ 
tively  stimulated  by  a  HeLa  nuclear  extract-derived  0.3 
M  KCI  phosphoceltulose  (P11)  fraction  (Figure  1A)  that 
contained  most  of  this  OCA-S  activity  (Figure  1 B).  The 
OCA-S  activity  in  the  P1 1  fraction  was  further  enriched 
by  S-Sepharose,  Q-Sepharose,  and  hydroxyapatite 
steps,  resulting  in  an  overall  purification  of  ~1 6,000-fold 
(Figure  1A). 

To  investigate  the  promoter  specificity  of  OCA-B  ver¬ 
sus  OCA-S,  we  compared  the  functions  of  recombinant 
OCA-B  and  highly  purified  OCA-S  (hydroxyapatite  frac¬ 
tion)  on  wild-type  or  octamer  mutant  H2B  and  immuno¬ 
globulin  heavy  chain  (IgH)  promoters  cloned  upstream 
of  the  same  reporter  gene  (Figure  1 C).  OCA-S  stimulated 
octamer-/Oct-1  -dependent  transcription  from  the  H2B 
promoter,  but  not  from  the  IgH  promoter,  whereas  the 
reverse  was  true  for  OCA-B.  A  weak  stimulatory  effect 
of  OCA-S  on  the  octamer-independent  transcription 
from  the  H2B  promoter  was  also  observed  (Figure  1C), 
suggesting  a  potential  role  of  OCA-S  in  a  core  promoter 
interaction. 

The  OCA-S  enriched  hydroxyapatite  fraction  was  fur¬ 
ther  purified  by  chromatography  on  heparin-Sepharose 
and  then  subjected  to  gel  filtration  on  Sephacryl  300 


(S300).  Fractions  were  analyzed  by  SDS-PAGE  (Figure 
1 D,  upper  image)  and  for  OCA-S  activity  (lower  image). 
This  step  resulted  in  an  overall  purification  of  ^30, 000- 
fold  and  an  estimated  native  size  of  ~300  kDa  for  OCA-S. 
The  OCA-S  activity  coeluted  with  seven  polypeptides, 
whose  identities  were  revealed  by  peptide  sequencing. 
p20  and  pi  8  were  identified  as  nm23-H1  and  nm23-H2, 
respectively,  and  are  thought  to  possess  nucleoside 
diphosphate  (NDP)  kinase  activity  (reviewed  in  Freije  et 
al.,  1998).  One  polypeptide  in  the  p36  doublet  band  was 
identified  as  uracil-DNA  glycosylase  (UNG),  whereas  the 
other  was  identified  as  LDH  (lactate  dehydrogenase). 
The  38  kDa  protein  was  identified  as  glyceraldehyde- 
3-phosphate  dehydrogenase  (GAPDH).  Although  well- 
characterized  glycolytic  enzymes  are  localized  predomi¬ 
nantly  in  the  cytoplasm,  nuclear  localization  and  DNA 
binding  activities  of  GAPDH  and  LDH  have  been  docu¬ 
mented  (reviewed  in  Ronai,  1993).  The  p65  and  p60 
proteins  were  identified  as  Hsp70  and  Stil ,  which  are 
components  of  molecular  chaperones  (reviewed  in  Fryd- 
man  and  Hohfeld,  1997). 

p38/GAPDH  Interacts  Directly  with  Oct-1 
In  view  of  the  interaction  of  OCA-B  with  Oct-1/-2  POU 
domains  (Luo  and  Roeder,  1995),  we  examined  the 
seven  OCA-S-associated  polypeptides  for  similar  inter¬ 
action^).  When  in  vitro  translated  proteins  were  tested 
in  GST  pull-down  assays,  only  p38/GAPDH  bound  to 
GST-fused  POU-1  and  POU-2  (Figure  2A).  Moreover, 
-:.'.1f;IV O’  - 
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Figure  2.  In  Vitro  and  In  Vivo  Interactions  between  OCA-S  Components  and  OcM /-2  POU  Domains  and  between  Oct-1,  OCA-S,  and  NPAT 

(A)  Interactions  of  in  vitro  translated  OCA-S  components  with  Oct-1 /-2  POU  domains. 

(B)  Interaction  of  homogeneously  purified  p38/GAPDH  with  Oct-1 /-2  POU  domains. 

(C)  Alignment  of  relevant  vertebrate  and  nonvertebrate  GAPDH  protein  sequences.  The  residues  in  the  two  small  regions  that  display  significant 
divergence  from  vertebrate  GAPDHs  to  nonvertebrate  ones  are  underlined.  Numbers  indicate  amino  acid  positions.  The  GenBank  accession 
numbers  for  these  GAPDH  sequences  from  human  to  S.  cerevisiae  on  the  list  are  CAA25833,  BAA90817,  BAA90818,  P51469,  P46406,  CAA26150, 
NP_0321 1 0,  P00356,  BAA88638,  NP_525108  and  NP_542445,  CAA888170  and  AAB53874,  P78958,  and  NPJ)12483,  respectively. 

(D)  Coimmunoprecipitation  of  Oct-1 ,  OCA-S,  and  NPAT.  A  T24  whole-cell  extract  (WCE)  was  immunoprecipitated  with  antibodies  against 
Oct-1  (lane  3),  p38/GAPDH  (lane  4),  NPAT  (lane  5),  or  control  IgG  (lane  2)  under  salt  conditions  equivalent  to  1 50  mM  NaCI.  The  intact  WCE 
(lane  1)  and  immunoprecipitates  were  subjected  to  immunoblot  with  antibodies  against  NPAT,  Oct-1,  p60/Sti1,  p38/GAPDH,  p20/nm23-H1, 
p18/nm23-H2,  or  NF-YA. 


homogeneous  purified  recombinant  p38/GAPDH  also 
bound  to  the  POU  domains  (Figure  2B),  indicating  a 
direct  interaction.  p38/GAPDH  thus  becomes  a  new 
member  of  the  Oct-1  POU  domain  interacting  protein 
family,  which  includes  OCA-B  (Luo  and  Roeder,  1995), 
VP16  (reviewed  in  Babb  et  al.,  1997),  and  SNAP190  (re¬ 
viewed  in  Ford  et  a!.,  1998). 

An  alignment  of  p38/GAPDH  protein  sequences  from 
a  number  of  vertebrate  and  nonvertebrate  species  re¬ 
vealed  protein  sequence  conservation  throughout  the 
entire  length,  except  for  two  small  regions  (underlined 
in  Figure  2C)  where  the  conservation  is  restricted  to 
vertebrates.  These  vertebrate-specific  sequences  might 
provide  the  basis  for  Oct-1  interactions  and  transcrip¬ 
tional  activation  functions  (see  below)  on  H2B  genes, 
although  the  involvement  of  p38/GAPDH  and  Oct-1 - 
related  POU  domain  proteins  in  the  regulation  of  nonver¬ 
tebrate  H2B  transcription,  via  the  octamer  element,  is 
not  yet  excluded. 

We  then  employed  coimmunoprecipitation  assays  to 
examine  possible  in  vivo  interactions  among  OCA-S- 
associated  proteins,  as  well  as  interactions  between 
these  proteins  and  Oct-1.  Since  NPAT  has  been  impli*  1 
cated  in  the  transcription  of  multiple  histone  subtypes 
(Ma  et  al.,  2000;  Zhao  et  al.,  2000),  and  thus  likely  acts 
upstream  of  OCA-S  during  H2B  promoter  activation,  we 
also  explored  possible  interactions  of  OCA-S  proteins 
with  NPAT.  To  this  end,  a  whole-cell  extract  of  human 
T24  bladder  carcinoma  cells  was  subjected  to  immuno- 
precipitation  with  anti-Oct-1 ,  anti-p38/GAPDH,  anti-NPAT, 
or  control  IgG  antibodies,  and  the  immunoprecipitates 


were  analyzed  by  immunoblotting.  Anti-Oct-1 ,  anti-p38/ 
GAPDH,  and  anti-NPAT  antibodies  all  coimmunoprecipi- 
tated  Oct-1,  p18/nm23-H2,  p20/nm23-H1,  p38/GAPDH, 
p60/Sti1,  and  NPAT  (Figure  2D),  as  well  as  p36/LDH, 
p36/UNG,  and  p65/Hsp70  (data  not  shown).  The  native 
H2B  promoter  also  contains  a  CCAAT  box  that  does 
not  contribute  to  its  cell  cycle  regulation  (Labella  et  al., 
1988).  NF-YA,  the  factor  that  binds  to  this  element  (Fan 
et  al.,  2002),  served  as  a  control  here  and  was  not  immu¬ 
noprecipitated  by  any  of  the  antibodies  (Figure  2D). 
These  results,  together  with  the  observed  copurification 
of  seven  OCA-S-associated  proteins,  strongly  support 
the  notion  that  these  seven  proteins  form  a  complex, 
hereafter  designated  OCA-S,  and  that  this  complex  in¬ 
teracts  with  Oct-1  in  vivo,  most  likely  via  p38/GAPDH. 
The  observed  NPAT-OCA-S  interaction  further  suggests 
a  physical  link  between  NPAT  and  the  H2B  transcrip¬ 
tional  regulatory  machinery,  possibly  via  a  transient 
mechanism  (see  Figure  61,  Figure  8E,  and  Discussion). 

p38/GAPDH  Has  an  Intrinsic 
Transactivation  Potential 

To  test  whether  one  or  more  subunits  of  the  OCA-S 
complex  might  possess  an  intrinsic  transactivation  po¬ 
tential  (activation  domain),  p18/nm23-H2,  p20/nm23- 
H1,  p38/GAPDH,  and  p60/Sti1,  as  well  as  OCA-B  as  a 
positive  control  (Luo  and  Roeder,  1 999),  were  individu¬ 
ally  fused  to  LexA  and  cotransfected  into  293T  human 
kidney  cells  with  a  reporter  bearing  LexA  binding  sites. 
The  reporter  was  activated  by  both  LexA-OCA-B  and 
LexA-p38,  but  not  by  LexA  alone  or  LexA  fused  to  other 
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Figure  3.  p38/GAPDH  Has  an  Intrinsic  Activation  Domain 
The  indicated  LexA  or  LexA  fusion  proteins  were  assayed  by  co¬ 
transfection  of  cognate  expression  vectors  with  a  luciferase  reporter 
bearing  four  LexA  binding  sites  in  front  of  an  El  B  minimal  promoter, 
and  values  were  normalized  to  activity  with  LexA  alone. 


proteins  (Figure  3).  This  result  indicates  that  p38/G  APDH 
has  a  transactivation  potential  that  might  account  for 
most,  if  not  all,  of  the  OCA-S  transcription  activity.  A 
prominent  role  of  p38/GAPDH  in  the  OCA-S  complex 
thus  prompted  focus  on  p38/GAPDH  in  further  studies 
of  the  transcription  function  of  the  complex. 

p38/GAPDH  Is  Essential  for  Octamer-/ 

Oct-1 -Dependent  H2B  Transcription  In  Vitro 
To  study  the  transcription  function  of  the  OCA-S  com¬ 
plex,  we  first  attempted  to  immunodeplete  OCA-S  pro¬ 
teins  from  HeLa  cell  nuclear  extracts  with  specific  anti¬ 
bodies.  Of  the  available  antibodies  tested,  anti-p38/ 
GAPDH  and  anti-p60/Sti1  quantitatively  removed  corre¬ 
sponding  proteins  under  high  salt  conditions  (500  mM 
KCI;  Figure  4A).  Depletion  of  p38/GAPDH,  but  not  p60/ 
Stil ,  reduced  octamer-dependent  H2B  transcription  by 
^4-fold  (Figure  4B).  Consistent  with  a  role  for  OCA-S  in 
the  core  promoter  interaction  (Figure  1C),  depletion  of 
p38/GAPDH  and  p60/Sti1  also  reduced,  albeit  margin¬ 
ally,  transcription  from  the  octamer  mutant  H2B  pro¬ 
moter  (Figure  4C).  Indicative  of  promoter  specificity, 
OCA-B-dependent  activation  of  the  IgH  promoter  was 
intact  in  either  p38/GAPDH-  or  p60/Sti1  -depleted  ex¬ 
tracts  (Figure  4D). 

Altogether,  these  results  suggest  that  p38/GAPDH  is 
an  essential  nuclear  factor  for  H2B  transcription  and, 
further,  that  it  plays  the  central  role  in  the  coactivator 
function  of  the  OCA-S  complex.  The  apparent  dispens¬ 
ability  of  p60/Sti1  for  H2B  transcription  in  vitro  (Figure 
4B)  suggests  a  functional  redundancy  for  p60/Sti1  in 
the  p60/Sti1 -deficient  nuclear  extract,  which  contained 
normal  levels  of  other  OCA-S-associated  proteins  (Fig¬ 
ure  4A);  however,  it  is  also  possible  that  p60/Sti1  and 
other  untested  OCA-S  proteins  might  be  required  for 
the  transcription  of  natural  (chromatin)  templates  or  for 
another  function(s)  of  the  OCA-S  complex  (see  Dis¬ 
cussion). 

To  verify  that  the  reduction  of  H2B  transcription  in 
p38/GAPDH-depleted  nuclear  extracts  is  due  directly  to 
a  missing  p38/GAPDH  function,  the  ability  of  homoge¬ 


neous-purified  p38/GAPDH  to  rescue  this  deficiency 
was  examined.  To  this  end,  a  HeLa  cell  line  that  stably 
expresses  f-p38-H  A  (p38/GAPDH  doubly  tagged  by  Flag 
and  HA  epitopes)  was  established.  f-p38-HA  protein  was 
purified  to  homogeneity  on  anti-Flag  agarose  followed 
by  anti-HA  agarose  under  high  salt  (500  mM  KCI)  condi¬ 
tions,  from  either  nuclear  or  cytoplasmic  (SI  00)  extracts 
of  the  cell  line  (Figures  4E  and  4F).  The  f-p38-HA  in  these 
preparations  is  predominantly  monomeric  since  the  en¬ 
dogenous  p38/GAPDH  did  not  copurify  (compare  Figure 
4F  with  4G).  Addition  of  purified  nuclear  f-p38-HA  to  the 
p38/GAPDH-deficient  extracts  restored  high-level  H2B 
transcription  (Figure  4H),  thus  confirming  a  transcription 
coactivation  function  for  nuclear  p38/GAPDH.  In  marked 
contrast,  addition  of  monomeric  cytoplasmic  f-p38-HA 
(Figure  4H)  or  commercial  tetrameric  GAPDH  from  eryth¬ 
rocyte  cytoplasm  (data  not  shown),  failed  to  effectively 
restore  the  H2B  transcription.  These  results  suggest 
that  conformational  changes  and  modifications  of  p38/ 
GAPDH  may  be  important  for  its  nuclear  function  in  H2B 
transcription. 

Immunodepletion  of  endogenous  p38/GAPDH  and  af¬ 
finity  purification  of  f-p38-HA  were  very  inefficient  under 
physiological  salt  conditions  (data  not  shown).  It  is  con¬ 
ceivable  that  endogenous  p38/GAPDH  and  tagged  f- 
p38-HA  epitopes  are  blocked  by  other  proteins  of  the 
OCA-S  complex,  thus  making  p38/GAPDH  poorly  ac¬ 
cessible  to  antibodies  under  these  conditions.  Consis¬ 
tent  with  this  possibility,  as  well  as  a  high  salt-induced 
dissociation  of  p38/GAPDH  from  other  OCA-S  subunits 
that  remained  intact  in  the  p38/GAPDH-depleted  extract 
(Figure  4A),  the  optimal  salt  condition  either  for  immuno¬ 
depletion  of  endogenous  p38/G APDH  or  for  affinity  puri¬ 
fication  of  f-p38-HA  on  M2  agarose  was  500  mM  KCI. 

p38/GAPDH  Is  Essential  for  H2B 
Transcription  In  Vivo 

To  test  the  role  of  p38/GAPDH  in  H2B  transcription  in 
vivo,  we  used  the  RNA  interference  (RNAi)  method  (El- 
bashir  et  al.,  2001)  to  block  p38/GAPDH  expression  in 
human  U20S  osteosarcoma  cells.  As  these  cells  and 
other  cells  Used  throughout  this  study  were  routinely 
passaged  and  maintained  in  pyruvate-containing  me¬ 
dium,  any  requirement  for  p38/GAPDH  in  the  glycolytic 
pathway  could  be  bypassed.  Immunoblot  analysis  re¬ 
vealed  a  time-dependent  reduction  in  the  nuclear  p38/ 
GAPDH  protein  level,  which  was  already  significant  at 
24  hr  and  reached  ^90%  reduction  at  60  hr,  whereas 
the  levels  of  Oct-1  and  other  OCA-S  components  were 
unaltered  (Figure  5A).  RT-PCR  analysis  showed  a  reduc¬ 
tion,  already  apparent  at  24  hr,  in  the  level  of  endoge¬ 
nous  H2B  mRNA  in  concert  with  the  decline  of  the  nu¬ 
clear  p38/GAPDH  level,  while  the  level  of  p-actin  mRNA 
remained  constant  (Figure  5C).  A  second  p38/GAPDH- 
specific  short  interfering  double-strand  RNA  (siRNA) 
that  targets  a  different  mRNA  region  was  also  employed 
and  produced  similar  results  (data  not  shown).  Interest¬ 
ingly,  the  level  of  H4  mRNA  was  also  decreased,  but 
this  was  apparent  only  at  a  relatively  late  time  (60  hr)  after 
RNAi  treatment  (Figure  5D).  We  reason  that  inhibition  of 
H4  mRNA  expression  is  secondary  to  the  cell  cycle  effect 
Caused  by  Inhibition  of  H2B  mRNA  expression.  This  is 
consistent  with  previous  reports  showing  that  expres- 
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Figure  4.  Purified  Nuclear  f-p38-HA  Restores  H2B  Transcription  in  a  p38/GAPDH-Deficient  Nuclear  Extract 

(A)  Immunodepletion  of  p38/GAPDH  or  p60/Sti1  from  HeLa  cell  nuclear  extracts.  Mock-  (lane  1),  p60/Sti1-  (lane  2)  or  p38/GAPDH-  (lane  3) 
depleted  nuclear  extracts  were  examined  by  immunoblot. 

(B-D)  H2B  or  IgH  promoter  activities  in  depleted  nuclear  extracts.  Variable  doses  of  H2B  promoter  templates  were  used  as  indicated. 

(B)  Wild-type  H2B  promoter  activity  in  p38/GAPDH -depleted  nuclear  extract  (left  image,  lanes  4-6)  or  p60/Sti1  -depleted  nuclear  extract  (right 
image,  lanes  10-12)  in  comparison  with  mock-depleted  extract  (lane  1-3,  7-9). 

(C)  Octamer  mutant  H2B  promoter  activity  in  mock-  (lanes  1-2),  p38/GAPDH-  (lanes  3-4),  or  p60/Sti1  -  (lanes  5-6)  depleted  nuclear  extracts. 

(D)  IgH  promoter  activity  in  mock-  (lanes  1-2),  p38/GAPDH-  (lanes  3-4),  or  p60/Sti1-  (lanes  5-6)  depleted  nuclear  extracts  in  the  presence 
(lanes  2,  4,  and  6)  or  absence  (lanes  1 , 3,  and  5)  of  purified  recombinant  OCA-B. 

(E  and  F)  f-p38-HA  purified  from  either  nuclear  (N.  Ext)  or  cytoplasmic  (SI  00)  extracts  of  f-p38-HA-expressing  Hela  cells.  M2-  and  anti-HA- 
agarose-purified  f-p38-HA  (lanes  2  and  4)  and  the  eluate  from  control  extracts  (lanes  1  and  3)  were  analyzed  by  SDS/PAGE-silver  staining  (E) 
or  by  immunoblot  with  anti-p38/GAPDH  antibodies  (F). 

(G)  Position  of  endogenous  p38/GAPDH  in  the  SDS  protein  gel.  Control  (lane  1)  and  f-p38-HA-expressing  (lane  2)  cell  nuclear  extracts  were 
analyzed  directly  by  Western  blot  with  anti-p38/GAPDH  antibodies.  Due  to  its  low  expression,  f-p38-HA  was  not  observed  in  the  analysis 
(lane  2),  the  input  (0.2  p.1  nuclear  extract)  of  which  was  optimized  for  detection  of  endogenous  p38/GAPDH.  The  eluate  loaded  in  (F)  corresponds 
to  M).2  ml  nuclear  extract. 

(H)  H2B  promoter  activity  in  normal  (lane  1)  or  p38/GAPDH-depleted  nuclear  extracts  without  (lane  2)  or  with  control  SI  00  (lanes  3-4)  or 
nuclear  extract  (lanes  5-6)  eluates,  or  with  f-p38-HA  from  SI  00  (lanes  7-8)  or  nuclear  (lanes  9-1 0)  extracts.  The  two  doses  of  f-p38-HA  used 
were  ~1 0  and  20  ng,  respectively. 


sion  of  H3  and  H4  was  decreased  upon  deletion  of  H2B 
loci  in  yeast,  presumably  due  to  cell  cycle  arrest  in  H2B- 
defective  cells  (Han  et  al.,  1987). 

We  thus  expected  that  a  block  in  p38/GAPDH  expres¬ 
sion  would  inhibit  cell  cycle  progression  into  S  phase. 
Indeed,  the  percentage  of  S  phase  cells,  monitored  by 
BrdU  incorporation,  was  found  to  decrease  in  U20S 
cells  treated  with  p38/GAPDH  siRNA  for  48  hr  (Figure 
5B).  Nevertheless,  at  an  earlier  time  when  the  S  phase 
progression  was  only  marginally  affected,  i.e.,  at  24  hr 
after  RNAi  treatment  (Figure  5B),  a  significant  reduction 
in  the  level  of  H2B  mRNA  was  already  obvious  (Figure 
5C).  This  suggests  that  this  reduction  is  not  due  to  a 
nonspecific  effect  of  cell  cycle  arrest.  Conversely,  the 
lag  in  the  reduction  of  the  H4  mRNA  synthesis  most 
likely  results  from  a  blockage  of  S  phase  progression. 
Therefore,  as  in  yeast,  expression  of  histone  genes  in 
mammalian  cells  is  highly  coordinated  and  essential  for 
S  phase  progression. 

To  further  assess  whether  the  removal  of  p38/GAPDH 
has  a  direct  effect  on  H2B  transcription,  we  examined 
the  effect  of  p38/GAPDH  RNAi  on  wild-type  and  oc- 
tamer-mutated  H2B  promoter  reporters  in  transfected 
U20S  cells.  The  activity  of  the  wild-type  promoter  was 


reduced  4-  to  5-fold  by  RNAi  treatment,  whereas  the 
basal  octamer-independent  activity  of  the  mutant  pro¬ 
moter  was  unaffected  (Figure  5E).  These  results  confirm 
a  p38/GAPDH  coactivation  function  for  octamer-/Oct- 
1 -dependent  transcription  of  the  H2B  promoter. 

S  Phase-Specific  Recruitment  of  OCA-$/p38/ 

GAPDH  to  the  H2B  Promoter 

It  is  expected  that  a  cell  cycle-dependent  modulation 
of  OCA-S  protein  abundance  and/or  activity  underlies 
S  phase-specific  H2B  promoter  activation.  To  investi¬ 
gate  possible  changes  in  protein  levels,  cells  were  syn¬ 
chronized  at  various  stages  by  aphidicolin  treatment, 
density  arrest  (data  not  shown),  or  centrifugal  elutriation 
(Figure  6A).  Regardless  of  which  approach  was  used  for 
synchronization,  immunoblot  analyses  of  either  whole¬ 
cell  (data  not  shown)  or  nuclear  (Figure  6B)  extracts  with 
available  antibodies  showed  that  the  protein  levels  of 
the  OCA-S  proteins  do  not  change  significantly  through¬ 
out  the  cell  cycle. 

We  thus  explored  another  possible  modulation,  i.e., 
recruitment  of  p38/GAPDH  and/or  other  OCA-S  proteins 
to  the  H2B  promoter.  As  revealed  by  ChIP  assays,  the 
H2B  promoter  in  unsynchronized  HeLa  cells  is  occupied 
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Figure  5.  Inhibition  of  H2B  Transcription  by  p38/GAPDH  RNAi 

(A)  Expression  of  p38/GAPDH  in  U20S  cells  treated  with  p38/ 
GAPDH  siRNA  for  0  to  60  hr  was  monitored  by  anti-p38/GAPDH 
immunoblot  analyses  of  nuclear  extracts.  Immunoblots  with  anti- 
Oct-1,  -p60/Sti1 ,  -p18/nm23-H2,  and  -p20/nm23-H1  antibodies 
served  as  controls. 

(B)  Effect  of  p38/GAPDH  siRNA  on  S  phase  progression/DNA  syn¬ 
thesis  was  monitored  by  BrdU  incorporation. 

(C  and  D)  RT-PCR  analysis  of  expression  levels  of  H2B  (C),  H4  (D), 
and  p-actin  mRNAs  in  cells  treated  with  p38/GAPDH -specific  siRNA 
(lanes  5-8)  or  Ambion's  control  siRNA  (lanes  1-4)  for  0  to  60  hr. 

(E)  Effects  of  p38/GAPDH  siRNA  on  expression  of  ectopic  wild-type 
(OCTA+)  or  mutant  (OCTA”)  H2B  promoters  in  U20S  cells.  Activity 
was  measured  at  24  hr  posttransfection. 


both  by  Oct-1  and  by  OCA-S  proteins  including  pi  8/ 
nm23-H2,  p20/nm23-H1,  p38/GAPDH,  and  p60/Sti1  (data 
not  shown).  We  next  focused  on  the  recruitment  of 
Oct-1,  p60/Sti1 ,  and  p38/GAPDH  proteins  to  the  H2B 
promoter  in  cells  synchronized  by  centrifugal  elutriation. 
DNA  derived  from  antibody-precipitated  chromatin  was 
subjected  to  PCR  using  primers  for  the  indicated  pro- 
moter/DNA  regions  (Figures  6C-6H).  In  the  assays  where 
30  cycle  PCR  was  used  for  amplification,  occupancy  of 
the  H2B  promoter  by  p38/GAPDH  was  detected  only  in 
S  phase,  whereas  occupancy  by  Oct-1  was  detected  in 
G1,  S,  and  G2  phases  (Figure  6C).  Importantly,  and  as 
strong  evidence  for  its  promoter  specificity,  p38/GAPDH 
was  not  detected  on  the  H4  promoter  (Figure  6E).  By 
contrast,  the  Rb  family  protein  Rb2/p1 30  was  selectively 
recruited  to  the  E2F-recognized  H4  promoter  in  G1 ,  but 
not  S  or  G2,  phase  (Figure  6E),  as  was  E2F-4  (data  not 
shown).  This  is  consistent  with  the  suggestion  that  Rb2/ 
pi  30  represses  E2F-regulated  promoter  activity  at  G1 
phase  via  members  (mainly  E2F-4)  of  the  E2F  family 
(Takahashi  et  al.,  2000).  As  an  additional  control,  micro¬ 
satellite  DNA  was  not  amplified  from  any  precipitated 
chromatin  DNA  (Figures  6G  or  6H).  These  results  indi¬ 
cate  that  p38/GAPDH  is  recruited  specifically  to  the  H2B 
promoter  in  an  S  phase-dependent  manner  and,  in  view 
of  a  direct  p38/GAPDH-Oct-1  interaction  (Figure  2),  fur¬ 
ther  suggest  that  this  recruitment  is  central  to  the 
S  phase  regulation  of  H2B  transcription. 

The  presence  of  p60/Sti1  on  the  H2B  promoter,  but 


not  on  the  H4  promoter  or  microsatellite  DNA,  was  de¬ 
tected  when  40-cycle  PCR  was  used  (Figure  6D  versus 
6F  or  6H).  This  suggests  a  specific,  albeit  possibly  more 
indirect,  association  of  p60/Sti1  with  the  H2B  promoter. 
Apparently,  this  association  is  also  S  phase-dependent 
(Figure  6D).  Similarly,  40-cycle  PCR,  but  not  30-cycle 
PCR,  revealed  an  association  (possibly  more  indirect) 
of  NPAT  with  both  H2B  and  H4  promoters  (Figures  6D 
and  6F).  This  is  in  line  with  an  upstream  and  broader 
role  of  NPAT  in  regulating  the  transcription  of  all  histone 
subtypes  (Zhao  et  al.,  2000;  Ma  et  al.,  2000). 

The  S  phase-specific  association  of  NPAT  with  the 
H2B  promoter  (Figure  6D)  suggests  a  cell  cycle-depen¬ 
dent  NPAT -OCA-S  interaction.  To  test  this  possibility, 
we  monitored  interactions  between  ectopic  Flag-  and 
HA-tagged  NPAT  (f-NPAT-HA)  and  endogenous  OCA-S 
components  by  coimmunoprecipitation  of  extracts  from 
U20S  cells  that  were  synchronized  at  G1  or  S  phase 
following  transfection.  Although  the  expression  of  en¬ 
dogenous  NPAT  is  induced  at  the  G1/S  transition  (Zhao 
et  al.,  2000),  ectopic  f-NPAT -HA  expression  was  similar 
at  G1  and  S  phases  (Figure  61,  lanes  4  and  5).  Nonethe¬ 
less,  OCA-S  proteins  (p60/Sti1 ,  p38/GAPDH,  p20/nm23- 
H1,  and  p18/nm23-H2)  were  found  in  f-NPAT-HA  coim- 
munoprecipitates  from  S  phase  cells  but  not  those  from 
G1  phase  cells  (Figure  61),  suggesting  an  S  phase- 
dependent  NPAT -OCA-S  interaction  in  vivo. 

Requirement  of  p38/GAPDH  for  S  Phase-Specific 
H2B  Promoter  Activation  In  Vitro 
To  provide  more  direct  evidence  that  p38/GAPDH  is 
involved  specifically  in  S  phase  H2B  transcription,  we 
first  attempted  to  recapitulate  cell  cycle  dependent  H2B 
transcription  in  vitro  using  nuclear  extracts  of  HeLa  cells 
separated  by  elutriation  at  various  stages  (Figure  6A).  In 
line  with  in  vivo  results  (LaBella  et  al.,  1988),  an  S  phase 
nuclear  extract  supported  high-level  H2B  transcription, 
whereas  G1  and  G2  phase  nuclear  extracts  supported 
only  low-level  H2B  transcription  (Figure  7A,  lanes  1  -4).  In 
contrast,  OCA-B-dependent  IgH  promoter  activity  was 
equally  active  in  random  or  staged  extracts  (Figure  7A, 
lanes  5-8ji 1 

This  assay  system  thus  offered  an  opportunity  to  as¬ 
sess  the  OCA-S  dependency  of  H2B  activities  in  both 
S  phase  and  G1  or  G2  phase.  To  this  end,  we  used  a 
direct  antibody  inhibition  assay  in  which  nuclear  ex¬ 
tracts  were  incubated  with  anti-p38/GAPDH  or  anti-p60/ 
Stil  antibodies  prior  to  being  used  for  transcription.  In 
an  initial  test  of  this  approach  and  consistent  with  the 
immunodepletion  data  (Figure  4),  anti-p38/GAPDH,  but 
not  anti-p60/Sti1 ,  antibodies  inhibited  H2B  transcription 
in  an  Extract  from  unsynchronized  cells  (Figure  7B).  Simi¬ 
larly,  anti-p38/GAPDH,  but  not  anti-p60/Sti1 ,  antibodies 
inhibited  H2B  transcription  in  S  phase  extract  (Figure 
7C,  lane  7  versus  lane  3;  Figure  7D).  In  marked  contrast, 
neither  of  the  antibodies  had  any  effect  on  H2B  tran¬ 
scription  in  either  G1  or  G2  phase  extracts  (Figure  7C, 
lanes  6  and  8  versus  lanes  2  and  4;  Figure  7D).  That  the 
inhibitory  effect  is  specific  for  the  in  vitro-recapitulated 
S  phase  H2B  transcription  clearly  strengthens  the  notion 
that  p38/GAPDH,  as  a  key  component  of  a  bona  fide 
Oct-1  coactivator,  is  indeed  responsible  for  S  phase- 
inducible  transcription  of  the  H2B  gene. 
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Figure  6.  S  Phase-Specific  Association  of  OCA-S  Components  with  the  H2B  Promoter  and  with  NPAT 

(A)  FACS  analyses  of  HeLa  cells  synchronized  at  different  stages  by  elutriation.  R,  unsynchronized  cells. 

(B)  Immunoblot  of  pi  8/nm23-H2,  p20/nm23-H1 ,  p38/GAPDH,  p60/Sti1 ,  Oct-1 ,  and  p84  in  nuclear  extracts  of  HeLa  cells  separated  by  centrifugal 
elutriation  at  different  cell  cycle  stages.  The  p84  control  is  a  nuclear  matrix  protein  that  is  not  cell  cycle  regulated. 

(C-H)  ChIP  assays  on  elutriation-synchronized  cells  with  antibodies  against  Oct-1,  p38/GAPDH,  p60/Sti1,  NPAT,  Rb2/p130,  or  normal  IgG. 
Precipitated  chromatin  DNA  was  amplified  by  PCR,  for  either  30  or  40  cycles,  with  primers  specific  for  H2B  (C  and  D)  or  H4  (E  and  F)  promoter 
or  microsatellite  DNA  (G  and  H). 

(I)  An  S  phase-dependent  OCA-S-NPAT  interaction.  Whole-cell  extracts  were  made  from  cells  transfected  with  empty  (lane  1)  orf-NPAT-HA- 
expressing  (lanes  2-5)  vectors.  Ceils  were  either  unsynchronized  (lanes  1-3)  or  synchronized  at  either  G1  or  S  phase  (lanes  4  and  5). 
Immunoprecipitation  was  carried  out  with  either  anti-Flag  (M2)  (lanes  1 ,  2,  4,  and  5)  or  control  IgG  (lane  3)  antibodies  conjugated  to  agarose. 
Immunocomplexes  were  blotted  with  anti-p60/Sti1  ,-p38/GAPDH,  -p20/nm23-H1 ,  and  -p18/nm23-H2  antibodies  and  by  an  anti-HA  antibody 
(to  detect  tagged  NPAT). 


Modulation  of  OCA-S  Function  by  NADVNADH 
NAD+  and  NADH  are  essential  coenzymes  for  the  enzy¬ 
matic  activities  of  cytosolic  GAPDH  and  LDH  and,  fur¬ 
ther,  have  been  shown  to  modulate  the  functions  of 
several  factors  involved  in  transcriptional  regulation  (see 
below).  Hence,  our  findings  that  p38/GAPDH  is  an  es¬ 
sential  OCA-S  component,  and  that  p36/LDH  is  also  part 
of  the  OCA-S  complex,  make  it  important  to  determine 
whether  there  is  a  link  between  the  OCA-S  activity  and 
the  cellular  metabolic  state/redox  status.  To  this  end, 
we  first  employed  a  GST  pull-down  assay  to  test  the 
effects  of  NADVNADH  on  the  binding  of  purified  recom¬ 
binant  human  p38/GAPDH  to  the  Oct-1  POU  domain. 
As  shown  in  Figure  8A,  NAD+  significantly  enhanced  this 
interaction  in  a  dose-dependent  manner  (lower  image, 
compare  lane  1  with  lanes  2-6).  On  the  other  hand, 
increasing  concentrations  of  NADH  inhibited  the  interac¬ 
tion  between  POU-1  and  p38/GAPDH  (lower  image, 
compare  lane  1  with  lanes  7-11).  As  a  control,  the  inter-" 
action  between  POU-1  and  OCA-B  was  not  affected  by 
either  NAD+  or  NADH  (upper  image).  This  suggests  that 
both  the  stimulatory  and  the  inhibitory  effects  are  spe¬ 
cific  for  p38/GAPDH. 

We  next  measured  the  influence  of  NAD+/NADH  on 
the  association  of  p38/GAPDH  (via  Oct-1)  with  an  H2B 
promoter  (containing  both  octamer  and  CAAT  box  ele¬ 
ments)  in  the  context  of  a  nuclear  extract  fraction.  In  an 
initial  test  of  the  specificity  of  such  an  association,  HeLa 
nuclear  extract  was  mixed  with  streptavidin  agarose- 
immobilized  DNA  fragments  bearing  either  wild-type  or 
mutant  H2B  promoter  sequences  (Figure  8B),  and  H2B 


promoter-associated  proteins  were  analyzed  by  immu- 
noblotting  with  corresponding  antibodies.  As  indicated 
(Figure  8B),  p38/GAPDH  and  Oct-1  bound  to  promoter 
fragments  in  an  octamer-dependent  manner,  whereas 
NF-YA  bound  to  promoter  fragments  in  a  CAAT-box- 
dependent  manner,  and  little  or  no  cooperative  binding 
was  observed.  We  then  explored  the  effects  of  NAD+/ 
NADH  on  the  association  of  p38/GAPDH  with  the  wild- 
type  H2B  promoter.  To  avoid  the  influence  of  possible 
endogenous  (free)  NADVNADH,  we  analyzed  such  an 
association  in  a  nuclear  extract-derived  chromato¬ 
graphic  fraction  (P1 1 ,  0.3  M  KCI)  that  was  enriched  for 
OCA-S  (Figure  1  A)  and  Oct-1  (data  not  shown)  but  de¬ 
pleted  of  free  NADVNADH.  We  observed  stimulatory 
(NAD+)  and  inhibitory  (NADH)  effects  on  p38/GAPDH 
promoter  association  (Figure  8C,  lower  image)  that  were 
nearly  identical  to  those  observed  for  binding  of  purified 
p38/GAPDH  to  the  Oct-1  POU  domain  (Figure  8A,  lower 
'  image).  By  contrast,  the  direct  association  of  Oct-1  with 
the  H2B  promoter  was  unaffected  by  either  NAD+  or 
NADH  (Figure  8C,  upper  image). 

To  test  the  effects  of  NADVNADH  in  a  more  physiolog¬ 
ical  setting,  we  asked  whether  H2B  transcription  in  a 
nuclear  extract  could  be  modulated  by  NADVNADH.  To 
reduce  the  possible  influence  of  endogenous  NADV 
NADH  and  other  redox  system(s)  in  HeLa  nuclear  ex¬ 
tracts,  we  employed  a  partially  purified  reconstituted 
transcription  system  consisting  of  three  nuclear  extract- 
derived  P11  chromatographic  fractions  (0.3,  0.5,  and 
0.85  M  KCI;  Figure  1  A)  and  highly  purified  native  TFIIA. 
This  system  is  capable  of  supporting  both  H2B  and 


Cell 

262 


A  C  a-p60  a-p38 


-H2B 


B 


a~p60  a-p38 

i — c::—i  i — 

*•*  «S±j I  ..  ~  CS±I 


1  2  3  4  5  6 


Figure  7.  Antibody-Mediated  Inhibition  of  S  Phase  H2B  Trans¬ 
cription 

(A)  H2B  (lanes  1-4)  and  OCA-B-dependent  IgH  (lanes  5-8)  promoter 
transcription  in  nuclear  extracts  from  random  (R)  or  HeLa  cells  syn¬ 
chronized  at  G1 ,  S,  or  G2  phase  by  elutriation. 

(B)  Antibody-mediated  inhibition  of  H2B  transcription  in  nuclear  ex¬ 
tracts  of  unsynchronized  HeLa  cells  following  preincubation  with 
buffer  (lanes  1  and  4)  or  two  doses  (2  |xl  and  5  ijlI)  of  anti-p60/Sti1 
(lanes  2-3)  or  anti-p38/GAPDH  (lanes  5-6)  antibodies. 

(C)  Antibody-mediated  inhibition  of  H2B  transcription  in  nuclear  ex¬ 
tracts  from  randomly  growing  cells  (R)  or  from  cells  synchronized 
at  G1 ,  S,  or  G2  phase.  Extracts  were  preincubated  with  5  \l\  of  either 
anti-p60/Sti1  (lanes  1-4)  or  anti-p38/GAPDH  (lanes  5-8)  antibodies 
before  being  assayed  for  H2B  transcription. 

(D)  Quantitation  of  H2B  transcription  inhibition  data  from  (C).  Data 
in  all  lanes  are  normalized  to  that  in  lane  1  (as  1). 


OCA-B-dependent  IgH  transcription  (Figure  8D).  Con¬ 
sistent  with  the  coenzyme  effects  on  the  p38/GAPDH- 
Oct-1  interaction,  H2B  transcription  was  stimulated  by 
increasing  concentrations  of  NAD+  (Figure  8D,  upper 
image,  lanes  2-6)  and  inhibited  by  increasing  concentra¬ 
tions  of  NADH  (Figure  8D,  upper  image,  lanes  7-11).  In 
contrast,  the  OCA-B-dependent  IgH  promoter  activity 
was  unaffected  by  either  NAD+  or  NADH  (Figure  8D, 
lower  image).  The  concentrations  of  NAD+  or  NADH 
required  for  their  stimulatory  or  inhibitory  effects  on  H2B 
transcription  (Figure  8D)  are  considerably  higher  than 
those  that  modulate  the  Oct-1  -p38/GAPDH  interactions 
(Figures  8A  and  8C).  This  could  be  due  to  persistence 
of  endogenous  redox  system(s)  in  the  partially  purified 
transcription  system  and/or  other  complications  associ¬ 
ated  with  the  reactions.  Nevertheless,  the  results  from 
all  three  approaches  lead  us  to  conclude  that  the  redox 
status  of  NADVNADH  can  significantly  modulate  the 
interaction  of  Oct-1  with  p38/GAPDH,  as  well  as  H2B 
transcription. 

Discussion 

In  an  extension  of  our  previous  studies  that  defined  the 
key  H2B  promoter  regulatory  element  (e.g.,  LaBella  et 
al.,  1988)  and  the  interacting  transcriptional  activator 
Oct-1  (Fletcher  et  al.,  1987),  we  report  the  biochemical 
purification  of  a  multicomponent  transcriptional  coacti¬ 
vator,  OCA-S,  which  appears  to  be  the  major  determi¬ 


nant  for  S  phase  activation  of  the  H2B  promoter.  We 
also  show  that  the  p38  subunit  provides  the  key  Oct-1 
recognition  and  coactivation  functions  and,  remarkably, 
that  it  represents  a  nuclear  form  of  glyceraldehyde-3- 
phosphate  dehydrogenase  (GAPDH).  Furthermore,  the 
transcription  function  of  OCA-S  is  modulated  by  NAD+ 
and  NADH.  Along  with  a  demonstrated  interaction  of 
the  OCA-S  complex  with  NPAT,  a  cyclin  E/cdk2  kinase 
substrate  and  global  regulator  of  histone  gene  transcrip¬ 
tion  (reviewed  in  Ewen,  2000),  these  results  offer  new 
insights  into  the  regulation  of  histone  gene  transcription 
and  set  the  stage  for  further  analysis  of  the  basis,  possi¬ 
bly  involving  other  OCA-S  subunits,  of  coordinate  his¬ 
tone  gene  transcription  and  linkages  to  both  DNA  repli¬ 
cation  and  cellular  metabolic  state. 

Key  Role  for  p38/GAPDH  in  OCA-S  Function 
That  p38/GAPDH  is  an  essential  OCA-S  component  spe¬ 
cific  for  H2B  transcription  was  clearly  established  by 
functional  studies  involving  RNAi-mediated  depletion  in 
cells  and  immunodepletion,  followed  by  complementa¬ 
tion  with  purified  p38/GAPDH,  in  nuclear  extracts. 
Strongly  supporting  these  conclusions,  p38/GAPDH 
showed  S  phase-specific  function  in  vitro  and  S  phase- 
specific  association  with  the  H2B  promoter  in  vivo.  Fur¬ 
ther  indicative  of  its  essential  role  in  OCA-S  coactivator 
function,  p38/GAPDH  interacts  directly  with  Oct-1 ,  thus 
providing  the  main  anchor  for  the  OCA-S  complex  to 
promoter  bound  Oct-1,  and  has  an  intrinsic  activation 
domain  that  likely  interacts  with  the  general  transcription 
machinery.  Finally,  while  the  finding  of  a  nuclear  form 
of  GAPDH  as  a  key  component  of  OCA-S  was  surprising, 
it  is  important  to  note  that  there  are  previous  reports  of 
diverse  cytoplasmic  and  nuclear  GAPDH  functions  that 
include  apoptosis  and  DNA  replication/repair  (reviewed 
in  Sirover,  1999). 

Possible  Modes  for  the  Modulation  of  OCA-S 
Coactivation  Function 

The  S  phase-specific  recruitment  of  p38/GAPDH/OCA-S 
to  the  H2B  promoter  is  probably  central  to  the  regulation 
of  the  OCA-S  activity.  Since  we  observed  no  changes 
in  the  levels  of  OCA-S  subunits  throughout  the  ceil  cycle, 
the  most  likely  scenarios  for  the  modulation  of  OCA-S 
activity  include  posttranslational  modifications  by,  or 
interactions  with,  other  S  phase-specific  factors  that 
facilitate  intracellular  translocations  and/or  promoter 
occupancy  (including  Oct-1  interactions)  of  one  or  more 
OCA-S  subunits.  In  this  regard,  the  selective  function 
of  affinity  purified  nuclear  p38/GAPDH,  relative  to  the 
cytoplasmic  form,  clearly  points  to  some  modifica¬ 
tions). 

Also  of  note  is  the  modulation  of  p38/GAPDH-Oct-1 
interactions  and  OCA-S  transcription  activity  by  NAD+/ 
NADH  redox  status.  NAD+  and  NADH  were  earlier  shown 
to  influence  the  functions  of  several  transcription  (co)- 
factors  (Imai  et  al.,  2000;  Rutter  et  al.,  2001;  Zhang  et 
al.,  2002),  including  one  (CtBP)  that  proved  to  be  an 
NAD+-dependent  dehydrogenase  (Kumar  et  a!.,  2002). 
Our  study  shows  that  the  OCA-S  transcriptional  coacti¬ 
vator  complex  contains  two  classical  dehydrogenases, 
p38/GAPDH  and  p36/LDH,  at  least  one  of  which  is  es¬ 
sential  for  the  activity  of  the  coactivator  complex  on 
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Figure  8.  Modulation  of  POU  Domain  Binding  Activity  of  p38/GAPDH  and  H2B  Transcription  by  NAD+/NADH  and  a  Model  for  OCA-S-Mediated 
Coactivation 

(A)  Effects  of  NAD+/NADH  on  the  interaction  between  purified  p38/GAPDH  and  the  Oct-1  POU  domain.  The  interaction  between  GST-fused 
POU  domain  and  either  recombinant  p38/GAPDH  or  OCA-B  was  analyzed  in  a  buffer  containing  either  no  (lane  1)  or  increasing  concentrations 
(lanes  2-11)  of  NAD+  or  NADH,  as  indicated,  by  GST  pull-down  assays  as  described  in  Figure  2B.  Bound  proteins  were  detected  by  anti- 
OCA-B  or  anti-p38/GAPDH  immunoblots. 

(B)  Octamer-dependent  association  of  p38/GAPDH  with  an  H2B  promoter  fragment  in  biotin-streptavidin  pull-down  assays.  HeLa  nuclear 
extract  was  incubated  with  biotin-labeled,  streptavidin-agarose-immobilized  oligonucleotides  that  contained  either  the  wild-type  Oane  1 ,  WT), 
octamer-mutated  (lane  2,  OCTA"),  CAAT  box-mutated  (lane  3,  CAAT-),  or  octamer/CAAT  box  double-mutated  (lane  4,  OCTA“CAAT-)  H2B 
promoter  sequences.  Proteins  bound  to  these  oligonucleotides  were  detected  by  immunoblotting  with  anti-Oct-1 ,  -NF-YA,  and  -p38/GAPDH 
antibodies.  Schematic  structures  of  the  oligonucleotides  are  shown  in  the  lower  image. 

(C)  Effects  of  NAD+/NADH  on  octamer-dependent  association  of  p38/GAPDH  with  the  H2B  promoter.  Using  the  same  pull-down  assays 
described  in  (B),  the  P11  0.3  M  KCI  fraction  of  HeLa  nuclear  extract  was  incubated  with  the  wild-type  oligonucleotides  in  the  absence  (lane 
1)  or  presence  (lanes  2-11)  of  the  indicated  concentrations  of  NAD+  or  NADH.  Bound  p38/GAPDH  and  Oct-1  (as  a  control)  were  detected  by 
immunoblots  with  corresponding  antibodies. 

(D)  Effects  of  NAD+/NADH  on  H2B  transcription  in  vitro.  Transcription  reactions  were  carried  out  in  the  absence  (lane  1)  or  in  the  presence 
(lanes  2-11)  of  indicated  concentrations  of  NAD+  or  NADH  in  the  system  specified  in  the  text.  The  reactions  with  the  IgH  promoter  template, 
as  a  control,  also  contained  purified  OCA-B. 

(^  Model  for  OCA-S-mediated  coactivation  of  the  H2B  promoter.  See  text  for  a  detailed  explanation. 


S  phase-specific  H2B  transcription.  Further,  our  intrigu¬ 
ing  demonstration  of  significant  NAD+/NADH-depen- 
dent  modulations  of  p38/GAPDH  interactions  (with  free 
and  promoter  bound  Oct-1)  and  function  (via  OCA-S)  in 
H2B  transcription  prompts  speculation  regarding  two 
scenarios:  (1)  that  NAD+/NADH  binding  and/or  dehydro¬ 
genase  activities  associated  with  p38/GAPDH  and/or 
p36/LDH  play  important  roles  in  the  transcription  coacti¬ 
vation  function  of  OCA-S  and  (2)  that  histone  transcrip¬ 
tion  and  cell  cycle  (S  phase)  progression  may  be  linked, 
in  part,  to  overall  cellular  (or  nuclear)  metabolic  state/ 
redox  status.  Further  studies  of  the  structural  basis  for 
the  NAD+/NADH-modulated  Oct-1  -p38/GAPDH  interac¬ 


tion,  the  mechanisms  by  which  the  coenzymes  modulate 
H2B  transcription,  and  the  physiological  ro!e(s)  played 
by  these  modulations,  promise  to  be  of  great  interest. 

OCA-S:  a  Multisubunit  Transcription 
Cofactor  Complex 

That  the  OCA-S  activity  resides  within  a  multicomponent 
complex  is  evidenced  by  copurification  of  the  activity 
with  seven  stoichiometric  polypeptides  over  a  30,000- 
fold  range,  by  coelution  of  the  activity  with  these  poly¬ 
peptides  as  a  high  molecular  weight  entity  in  gel  filtra¬ 
tion,  and  by  coimmunoprecipitation  of  those  components 
(p60/Sti1 ,  p38/GAPDH,  p20/nm23-H1,  and  p18/nm23- 
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H2)  for  which  antibodies  are  available.  Furthermore,  as 
revealed  by  Chip  assays,  these  proteins  also  occupy 
the  H2B  promoter  in  an  S  phase-dependent  manner, 
presumably  as  part  of  a  cognate  H2B  promoter  binding 
complex.  The  fact  that  a  single  homogeneous  f-p38-HA 
protein  can  restore  H2B  transcription  to  p38/GAPDH- 
deficient  nuclear  extracts  probably  reflects  a  scenario 
in  which  f-p38-HA  can  reassociate  with  other  OCA-S 
components  in  nuclear  extracts  to  acquire  transcription 
competency. 

While  p38/GAPDH  is  a  key  OCA-S  component  for  H2B 
promoter  coactivation,  the  roles  of  other  subunits  and 
other  functions  of  the  complex  remain  unknown.  p20/ 
nm23-H1  and  p18/nm23-H2  are  members  of  the  nm23 
family  that  have  been  variably  associated  with  cancer 
metastasis  (reviewed  in  Freije  et  al.,  1998)  and,  as  re¬ 
vealed  by  ChIP  assays  (data  not  shown),  also  occupy 
active  H2B  promoters,  thus  suggesting  some  function(s) 
related  to  H2B  transcription.  Another  OCA-S  compo¬ 
nent,  p36/UNG,  has  been  shown  to  play  a  role  in  remov¬ 
ing  dUMP  from  U:A  pairs  during  DNA  replication  (Nilsen 
et  al.,  2000),  raising  the  possibility  of  crosstalk,  via  p36/ 
UNG,  between  the  S  phase  events  of  histone  transcrip¬ 
tion  and  DNA  replication/repair.  The  indication,  from  its 
presence  in  OCA-S,  that  p36/LDH  is  associated  with 
transcriptional  regulation  is  consistent  with  a  reported 
nuclear  localization  and  general  DNA  binding  activity  of 
p36/LDH  (Ronai,  1993).  As  previously  suggested,  the 
NAD+/NADH  binding  and  dehydrogenase  activities  of 
p36/LDH,  possibly  in  conjunction  with  p38/GAPDH, 
could  also  participate  in  the  modulation  of  OCA-S-medi- 
ated  H2B  transcription.  The  OCA-S  components  p65/ 
Hsp70  and  p60/Sti1/Hop  are  also  subunits  of  a  chaper¬ 
one  complex  capable  of  promoting  maturation  of  certain 
transcription  factors  (reviewed  in  Kimmins  and  MacRae, 
2000).  It  is  thus  conceivable  that  nuclear  p65/Hsp70  and 
p60/Sti1  may  help  maintain  a  transcriptionally  potent 
form  of  the  OCA-S  complex. 

An  OCA-S-NPAT  Interaction  Links  Cell  Cycle 
Regulators  and  H2B  Transcription  Machinery 
Importantly,  our  results  show  that  Oct-1  occupies  the  H2B 
promoter  at  G1,  S,  and  G2  phases  of  the  cell  cycle, 
whereas  OCA-S  (notably  p38/GAPDH)  does  so  in  an 
S  phase-specific  manner  and  is  indeed  critical  for  S  phase- 
inducible  coactivation.  Promoter  bound  OCA-S  likely  acts 
to  facilitate  recruitment  and/or  function  of  general  tran¬ 
scription  factors  and  positive  cofactors  (PCs),  including 
Mediator  (Malik  and  Roeder,  2000),  in  the  USA  fraction 
(Figure  8E).  The  cyclinE/cdk2  substrate  NPAT  could  also 
play  a  role  in  these  processes;  however,  its  demon¬ 
strated  role  in  regulating  multiple  histone  subtype  genes 
makes  it  more  likely  that  NPAT  functions  at  an  upstream 
level,  perhaps  in  the  recruitment/activation  of  individual 
histone  gene-specific  (co)factors  like  OCA-S  (Figure  8E). 
In  support  of  an  indirect  role  of  NPAT  in  H2B  transcrip¬ 
tion,  NPAT  was  not  detected  in  our  purified  transcription¬ 
ally  active  OCA-S  fraction  but,  instead,  was  observed  to 
associate  in  a  more  dynamic  and  S  phase-dependent 
manner  with  OCA-S  (Figure  61).  Therefore,  it  is  most  likely 
that  OCA-S  is  a  submodule  of  a  larger  dynamic  complex 
containing  NPAT,  OCA-S,  and  Oct-1 . 

Consistent  with  the  notion  that  transcription  of  histone 


subtypes  is  tightly  coordinated  and  coupled  to  DNA 
replication  in  concert  with  S  phase  progression  (reviewed 
in  Osley,  1991),  inhibition  of  H2B  transcription  by  RNAi- 
mediated  depletion  of  p38/GAPDH  led  to  blockage  of  cell 
cycle  progression  and  an  eventual  inhibition  of  transcrip¬ 
tion  of  H4  (Figure  5).  Although  cyclin  E/cdk2  is  known  to 
be  essential  for  initiation  of  both  DNA  replication  and 
histone  biosynthesis  in  concert  with  S  phase  entry  (re¬ 
viewed  in  Ewen,  2000),  the  mechanisms  by  which  the 
above-described  coordination  and  coupling  throughout 
the  S  phase  are  not  yet  fully  understood.  A  recent  report 
suggests  that  the  coupling  of  histone  expression  to  DNA 
synthesis  following  S  phase  entry  is  not  regulated  at  the 
level  of  cyclin  E/cdk2,  but  rather  by  other  (unknown) 
factors  (Nelson  et  al.,  2002).  We  speculate  that  OCA-S, 
a  multisubunit  and  potentially  multifunctional  complex 
harboring  a  transcription  cofactor  activity,  could  provide 
an  efficient  way  to  achieve  this  concerted  regulation. 
Thus,  functions  that  mediate  the  coordination  of  multiple 
histone  subtypes,  couple  histone  synthesis  to  DNA  repli¬ 
cation,  and  transmit  the  S  phase  cell  cycle  regulatory 
signals,  could  be  exerted  through  additional  subunits 
of  OCA-S  either  directly  or  via  NPAT  (Figure  8E).  Our 
biochemical  identification  of  the  multisubunit  OCA-S 
complex  and  cell  cycle  study  of  H2B  transcription  thus 
provides  a  paradigm  for  further  exploring  the  mecha¬ 
nisms  underlying  this  complex  regulation. 

Experimental  Procedures 
Plasmids  and  Antibodies 

Mammalian  expression  vectors  for  OCA-S-associated  proteins  are 
pCIN4-based  (Fondell  et  al.,  1996)  and  involve  CMV  promoter-driven 
transcription  of  in-frame  inserted  cDNAs  encoding  f-p38-HA,  LexA 
alone,  and  LexA  fusions  with  p18/nm23-H2,  p20/nm23-H1,  p38/ 
GAPDH,  and  p60/Sti1 .  The  mammalian  expression  vector  for  NPAT 
(pcDNA3.1  -f-N  PAT-ha)  is  pc DNA3.1 -based  (Invitrogen)  and  en¬ 
codes  an  NPAT  that  is  both  Flag-  and  HA-tagged.  Antibodies  against 
p38/GAPDH,  p20/nm23-H1 ,  pi  8/nm23-H2,  p60/Sti1 ,  and  NPAT  were 
raised  in  rabbits.  Rabbit  antibodies  against  Oct-1,  Rb2/p130,  NF- 
YA,  and  E2F-4  were  purchased  from  Santa  Cruz  Biotechnologies, 
and  mouse  antibodies  against  p84  were  from  Novus  Biologicals. 

Protein  Purification 

The  BC  buffer  system  (Luo  et  al.,  1992)  was  used  in  all  chromato¬ 
graphic  steps  for  OCA-S  purification.  The  nuclear  extract-derived 
P1 1  OCA-S  fraction  was  enriched  on  S-Sepharose,  Q-Sepharose, 
and  hydroxyapatite.  For  the  latter  step,  the  indicated  potassium 
phosphate  salt  concentrations  in  BC1 00  (1 00  mM  KCI)  were  used  to 
step-el ute  proteins.  The  activity  was  then  concentrated  by  heparin- 
Sepharose  and  by  Amicon  centricon.  This  preparation  was  equili¬ 
brated  in  BC1 50  (1 50  mM  KCI)  and  subjected  to  gel  filtration  on 
Sephacryl  300  (S300). 

f-p38-HA  was  affinity-purified  from  nuclear  or  cytoplasmic  (SI  00) 
extracts  of  a  stable  f-p38-HA-expressing  HeLa  cell  line,  using  anti- 
Flag  (mouse  MAb  M2,  Sigma)  and  anti-HA  (rat  MAb  3F10,  Roche) 
agarose  affinity  resins. 

f  Hpmpgeneous  recombinant  p38/GAPDH  was  obtained  through 
successive  steps  of  bacterial  expression  as  a  GST  fusion  protein, 
purification  on  an  affinity  column,  removal  of  GST  by  thrombin  diges¬ 
tion,  and  repurification  by  Q-Sepharose. 

Cell  Synchronization 

Synchronization  of  transfected  U20S  cells  followed  a  procedure 
described  in  Zhao  et  al.  (1 998).  Separation  of  suspension  HeLa-S 
cells  by  centrifugal  elutriation  was  carried  out  as  described  in  Men¬ 
dez  and  Stillman  (2000). 
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GST  Pull>Down  Assays 

OCA-S-associated  proteins  were  in  vitro  translated  and  “S-labeled 
by  the  TNT  system  (Promega).  GST,  GST-POU1 ,  and  GST-POU2 
were  bacterially  expressed  (Luo  and  Roeder,  1995).  Each  fusion 
protein  (1 0  jxg),  immobilized  on  glutathione-Sepharose  beads,  was 
mixed  either  with  2.5  |xl  of  each  in  vitro  translated  OCA-S-associated 
protein  or  with  30  ng  p38/GAPDH  (Figure  2B),  100  ng  p38/GAPDH 
(Figure  8A),  or  250  ng  OCA-B  (Figure  8A)  in  the  binding  buffer  (50 
mM  Tris,  [pH  7.5],  150  mM  NaCI,  4  mM  EDTA,  0.5%  NP40,  0.5% 
BSA,  proteinase  inhibitor  cocktail,  and,  when  appropriate,  IMAD+/ 
NADH).  The  binding  reactions  were  incubated  for  1  hr  at  room  tem¬ 
perature. 

Biotin-Streptavidin  Pull-Down  Assay 

Biotin-streptavidin  pull-down  assays  were  performed  as  described 
(Fan  et  al.,  2002).  In  brief,  double-stranded  oligonucleotides,  corre¬ 
sponding  to  positions  -91  to  -30  of  the  human  H2B  promoter,  were 
end -labeled  by  biotin  and  bound  to  streptavidin-ag arose  beads.  The 
resultant  beads  were  incubated,  in  the  presence  or  absence  of 
NAD+/NADH,  with  either  HeLa  nuclear  extract  or  a  derived  P1 1  0.3 
M  KCI  column  fraction  for  20  min  at  room  temperature.  The  protein- 
DNA-streptavidin-agarose  complexes  were  washed,  and  the  eluted 
proteins  resolved  by  SDS-PAGE  and  detected  by  immunoblotting. 

Chromatin  Immunoprecipitation  (ChIP)  Assays 
The  ChIP  assays  were  performed  as  described  in  Shang  et  al.  (2000), 
using  1  x  106  HeLa  cells  synchronized  by  centrifugal  elutriation  for 
each  antibody.  Primers  for  histone  promoters  and  microsatellite 
sequences  were  described  in  Zhao  et  al.  (2000). 

RNA  Interference  and  RT-PCR  Assays 

Two  duplexes  of  siRNAs  that  target  two  distinct  regions  on  the  p38/ 
GAPDH  mRNA  (AUUCCAUGGCACCGUCAAG  and  GUCAACGGAU 
UUGGUCGUA)  were  designed  (Dharmacon).  RNAi  assays  were  car¬ 
ried  out  in  U20S  cells  as  described  in  Elbashir  et  al.  (2001). 

BrdU  Incorporation  Assays 

RNAi-treated  cells  were  grown  on  glass  coverslips  in  24-well  plates. 
BrdU  (1 0  mj/ml)  was  added  to  the  medium  for  1  hr  before  anti-BrdU 
immunostaining  was  conducted  as  described  (Ma  et  al.,  2000).  One 
hundred  cells  were  randomly  picked  and  the  numbers  of  BrdU- 
positive  cells  were  counted  for  each  sample.  The  percentage  of 
S  phase  cells  was  averaged  from  three  counts. 

Transfection  Assays 

To  assess  the  transactivation  potential  of  OCA-S  proteins,  vectors 
expressing  LexA  or  LexA  fusions  to  pi  8/nm23-H2,  p20/nm23-H1 , 
p38/GAPDH,  p60/Sti1 ,  or  OCA-B  were  each  cotransfected  into  293T 
cells  with  a  luciferase  reporter  bearing  LexA  binding  sites.  At  48  hr 
posttransfection,  cells  were  harvested  for  luciferase  activity  mea¬ 
surement.  To  assess  H2B  promoter  activity  in  vivo,  U20S  cells  were 
cotransfected  with  wild-type  or  octamer-mutated  reporters  (Zhao 
et  al.,  2000)  and,  when  appropriate,  p38/GAPDH  siRNA.  At  24  hr 
posttransfection/RNAi  treatment,  cells  were  harvested  for  analysis 
of  luciferase  activity.  For  all  transfections,  a  Renilla  luciferase  re¬ 
porter  was  cotransfected  for  the  normalization  of  transfection  effi¬ 
ciency. 

Immunodepletion  and  Direct  Antibody  Inhibition 
Antigens  were  crossl inked  to  CNBr-activated  Sepharose  and  the 
resultant  resins  used  to  affinity-purify  specific  antibodies  (IgGs).  For 
immunodepletion  of  p38/GAPDH  and  p60/Sti1 ,  the  corresponding 
affinity-purified  IgGs  were  crosslinked  to  protein-A-Sepharose  to 
generate  antibody-affinity  resins.  The  depleted  nuclear  extracts  in 
BC500  (Luo  and  Roeder,  1 995)  were  dialyzed  to  BC1 00  for  in  vitro 
transcription  assays.  For  direct  antibody  inhibition,  the  affinity-puri¬ 
fied  anti-p38/GAPDH  or  anti-p60/Sti1  IgGs  in  BC500  were  incubated 
with  nuclear  extracts  for  3  hr  at  4°C.  The  treated  nuclear  extracts 
were  then  dialyzed  to  BC100. 

In  Vitro  Transcription 

Conditions  for  both  crude  and  purified  assay  systems,  as  well  as 
DNA  templates,  were  described  in  Luo  and  Roeder  (1995).  For  the 


reconstituted  transcription  systems  described  in  Figure  1,  RNA  pol 
II,  general  initiation  factors,  and  the  USA  cofactor  fraction  were 
purified  as  in  Ge  et  al.  (1996),  Oct-1  and  Spl  as  in  Luo  et  al.  (1992), 
recombinant  OCA-B  as  mentioned  in  Luo  and  Roeder  (1 999),  and 
OCA-S  as  described  above. 

Peptide  Sequencing 

Identities  of  the  polypeptides  that  copurified  with  OCA-S  were  re¬ 
vealed  by  protein  sequence  analyses  following  resolution  by  SDS/ 
PAGE.  Derived  sequences  include:  PEELVDYK  (p18/nm23-H2);  TFI 
AIKPDGVQR  (p20/nm23-H1);  SADTLWGIQK  (p36/LDH  M  chain)  and 
SADTLWDIQK  (p36/LDH  H  chain);  GSAIDRK  (p36/UNG);  WDLMAH 
MASK  (p38/GAPDH);  AAALEAMK  (p60/Sti1);  and  LQDFFNGRDLNK 
(p65/Hsp70). 
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SUMMARY 

BRCA2  is  a  breast  tumor  susceptibility  gene  encoding  a  390  kDa  protein  with  functions  in 
maintaining  genomic  stability  and  cell  cycle  progression.  Evidence  has  been  accumulated  to 
support  the  concept  that  BRCA2  has  a  critical  role  in  homologous  recombination  of  DNA  double 
stranded  breaks  by  interacting  with  Rad51.  In  addition,  BRCA2  may  have  chromatin  modifying 
activity  through  interaction  with  a  histone  acetyltransferase  protein,  p300/CBP-associated  factor, 
P/CAF.  To  explore  how  the  functions  of  BRCA2  may  be  regulated,  the  post-translational 
modifications  of  BRCA2  throughout  the  cell  cycle  were  examined.  We  found  that  BRCA2  is 
hyperphosphorylated  specifically  in  M-phase,  and  becomes  dephosphorylated  as  cells  exit  M- 
phase  and  enter  into  interphase.  This  specific  phosphorylation  of  BRCA2  was  not  observed  in 
cells  treated  with  DNA  damaging  agents.  Systematic  mapping  of  the  potential  mitosis  specific 
phosphorylation  sites  revealed  the  N-terminal  284  amino  acids  of  BRCA2  (BR-N1)  as  the  major 
region  of  phosphorylation  and  mass  spectrometric  analysis  identified  two  phosphopeptides  which 
contained  “phosphorylation  consensus  motifs”  for  Polo-like  kinase  1  (Plkl).  Phosphorylation  of 
BR-N1  with  Plkl,  recapitulated  the  electrophoretic  mobility  change  as  seen  in  BR-N1  isolated 
from  M-phase  cells.  Moreover,  mutation  of  Seri  93  to  Ala  in  BR-N1  showed  reduced 
phosphorylation,  while  a  deletion  mutant  of  BR-N1  (amino  acids  193-207)  abolished  Plkl 
phosphorylation,  suggesting  that,  at  least,  Seri 93  of  BRCA2  is  phosphorylated  by  Plkl. 
Furthermore,  RAD5 1  binds  to  both  the  hyperphosphorylated  and  hypophosphorylated  form  of 
BRCA2  while  the  M-phase  hyperphosphorylated  form  of  BRCA2  no  longer  associates  with  the 
P/CAF,  suggesting  that  the  dissociation  of  P/CAF-BRCA2  complex  is  regulated  by 
phosphorylation.  Taken  together,  these  results  implicate  a  potential  role  of  BRCA2  in  modulating 
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M  phase  progression. 

INTRODUCTION 

Mutations  in  the  breast  cancer  susceptibility  gene  BRCA2  are  responsible  for  about  45%  of 
hereditary  early-onset  breast  cancer  (1,2).  Inheritance  of  one  defective  allele  confers  cancer 
predisposition  and  tumor  cells  from  predisposed  individuals  exhibit  loss  of  heterozygosity  (3,4). 
Expression  of  the  wild  type  BRCA2  in  a  human  pancreatic  cell  line,  Capan  1,  which  contains  a 
truncated  BRCA2,  suppresses  its  neoplastic  phenotypes  (5).  These  results  indicated  that  BRCA2 
is  a  bona  fide  tumor  suppressor  protein  (6,7).  In  addition,  biallelic  hypomorphic  mutations  in 
BRCA2  have  recently  been  found  in  cell  lines  derived  from  patients  in  the  B  and  D1  subgroups 
of  Fanconi  anemia,  a  recessive  cancer  susceptibility  disorder  (8). 

Inactivation  of  Brca2,  a  murine  homologue,  leads  to  embryonic  lethality  at  an  early  stage  of 
embryo  development  (9-12).  Brca2-null  mouse  embryonic  fibroblasts  show  increased  sensitivity 
to  genotoxic  agents  (12,13),  spontaneous  accumulation  of  chromosomal  abnormalities,  including 
aberrant  chromatid  exchanges,  triradial  and  quadriradial  chromosome  structures,  and  gross 
chromosomal  rearrangements  (13,14),  and  frequently  develop  micronuclei,  chromosome 
missegregation,  and  centrosome  amplification  (15).  These  observations  implicate  a  requirement 
for  BRCA2  in  maintaining  chromosome  stability.  Similar  aberrant  chromosome  configurations 
are  observed  in  cells  mutant  for  proteins  involved  in  homologous  recombination  (16,17), 
suggesting  that  BRCA2  is  needed  for  this  error-free  repair  process.  Homologous  recombination 
(HR)  involves  the  repair  of  DNA  strand  breaks  by  using  an  adjacent  sister  chromatid  as  template 
(18).  Loss  of  BRCA2  reduces  the  efficiency  (jf*  HR-mediated  double  stranded  break  (DSB) 
repair,  resulting  in  the  repair  of  these  lesions  through  error-prone  mechanisms  such  as 
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nonhomologous  end  joining  (NHEJ)  (19-21). 

The  role  of  BRCA2  in  HR  is  mediated  through  an  interaction  with  Rad51,  the  evolutionary 
conserved  homologue  of  bacteria  RecA,  which  plays  an  essential  role  in  DNA  double  strand 
pairing  and  exchange  during  HR  (22).  RAD51  interacts  with  the  BRC  repeats,  a  stretch  of  unique 
amino  acid  sequences  that  is  repeated  eight  times  within  the  central  region  of  BRCA2  (23-25). 
Disruption  of  the  endogenous  interaction  between  RAD5 1  and  BRCA2  by  ectopic  expression  of 
the  BRC  repeats  leads  to  radiation  sensitivity  and  G2/M  checkpoint  failure  (26).  Recently,  x-ray 
crystallographic  studies  of  the  highly  conserved  C-terminal  domain  of  murine  Brca2 
(Brca2CTD)  indicated  that  this  domain  binds  to  single  and  double  stranded  DNA  hybrid 
structures.  Moreover,  purified  Brca2CTD  is  able  to  stimulate  RAD51 -mediated  DNA  strand 
pairing  and  exchange  in  vitro  (27).  Taken  together,  the  DNA  binding  activities  of  the 
BRCA2CTD,  in  conjunction  with  the  RAD51  binding  activities  of  the  eight  BRC  repeats, 
BRCA2  may  have  a  direct  role  in  facilitating  crucial  steps  of  RAD51 -mediated  HR. 

Besides  roles  in  HR,  BRCA2  has  been  linked  to  transcription  regulation.  The  region  encoded 
by  exon  3  in  the  N-terminus  of  BRCA2  when  fused  to  a  DNA-binding  domain,  has  the  ability  to 
activate  transcription  in  yeast  and  mammalian  cells,  and  this  transactivation  activity  is  severely 
compromised  by  a  cancer  predisposing  mutation,  tyrosine  42  to  cysteine  (28).  This  ability  of 
BRCA2  to  activate  transcription  may  be  explained  via  the  recruitment  of  chromatin  modifying 
activity  in  the  form  of  P/CAF  (29).  P/CAF,  which  is  classified  as  a  transcriptional  co-activator 
because  of  its  intrinsic  histone  acetyltransferase  (HAT)  activity  (30),  interacts  with  the  N- 
terminal  region  of  BRCA2  (29).  The  exact  mechanism  of  how  P/CAF  or  other  HATs  act  as  co¬ 
activators  remains  unclear,  but  it  is  believed  that  the  transfer  of  acetyl  groups  to  histone  tails  may 
act  either  as  a  “flag”  for  recruitment,  or  “loosen1*1  chromatin  structure  to  create  an  "activated- 
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state"  by  making  nucleosomal  DNA  more  accessible  to  transcription  factors  and  polymerases 
(31,32).  To  date,  BRCA2  has  not  been  shown  to  directly  activate  the  transcription  of  a  specific 
gene;  therefore,  it  is  possible  that  the  association  of  P/CAF  may  be  required  for  other 
chromosomal  metabolic  functions. 

The  chromosome  aberrations  seen  in  BRCA2  deficient  cells  cannot  be  solely  attributed  to  an 
absence  of  BRCA2  mediated  HR.  We  therefore  postulate  that  BRCA2  must  be  involved  in 
chromosome  metabolism  throughout  the  cell  cycle,  and  predict  that  this  function  must  be 
regulated.  A  common  mechanism  for  regulation  is  by  post-translational  modifications  such  as 
phosphorylation,  acetylation  or  ubiquitination.  Thus,  we  explored  whether  or  not  BRCA2  may  be 
regulated  through  some  form  of  post-translational  modifications  during  the  cell  cycle.  Here,  we 
report  that  endogenous  human  BRCA2  protein  is  hyperphosphorylated  specifically  in  M  phase, 
and  show  at  least  Seri 93  in  the  extreme  N-terminus  of  BRCA2  is  targeted  by  the  mitotic  kinase, 
Plkl.  Moreover,  we  found  that  RAD51  associates  with  both  hyperphosphorylated  (M-phase 
form)  and  hypophosphorylated  (interphase  form)  BRCA2  in  vivo.  On  the  other  hand,  P/CAF 
associates  only  with  the  hypophosphorylated  form  rather  than  the  hyperphosphorylated  form  of 
BRCA2  in  vivo.  These  results  suggest  that  the  phosphorylation  of  BRCA2  in  M  phase,  at  least  by 
Plk,  regulates  the  dissociation  of  the  BRCA2-P/CAF  complex,  implying  a  potential  role  of 
BRCA2  in  modulating  M  phase  progression. 

EXPERIMENTAL  PROCEDURES 

Cell  culture,  synchronization,  and  traansfection 

Human  bladder  carcinoma  T24  cell  line  and  osteocarcinoma  U20S  cell  line  (American  Type 
Culture  Collection)  were  cultured  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM,  Life 
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Technologies,  Inc.,  Rockville,  MD)  supplemented  with  10  %  of  fetal  bovine  serum,  2  mM  of  L- 
glutamine  and  50  units  of  penicillin/streptomycin  at  37  °C  with  10  %  CO2. 

T24  cells,  synchronized  at  G0/G1  by  contact  inhibition  (33),  were  seeded  at  low  density  to 
release  them  back  into  the  cell  cycle  and  thereafter  harvested  at  0,  12,  18,  and  24  hrs  after 
seeding.  M-phase  cells  were  enriched  by  treatment  with  0.3  pg/ml  nocodazole  (Sigma,  Saint 
Louis,  MO)  for  18  hrs  starting  at  24  hrs  after  release.  To  further  isolate  a  distinct  M-phase 
population  of  cells,  the  slightly  detached  nocodazole-treated  cells  were  shaken  off  (shake-off 
method).  In  order  to  enrich  for  M-phase  cells  without  nocodazole  treatment,  cells  first  were 
synchronized  at  S  phase  by  double-thymidine  block,  and  then  released  back  into  the  cell  cycle. 
Briefly,  the  cells  were  treated  with  2mM  thymidine  for  18-24  hrs,  released  for  8-10  hrs,  and  then 
treated  with  the  same  concentration  of  thymidine  for  another  16-18  hrs;  the  cells  were  released 
for  another  8-10  hrs  before  being  harvested.  Li^stly  tb  release  cells  from  nocodazole  block 
(prometaphase  or  metaphase),  arrested  cells  were  collected  using  the  mitotic  shake-off  method 
and  washed  with  phosphate-buffered  saline  (PBS),  before  being  plated  to  allow  reentry  into  the 
cell  cycle. 

Transfections  were  performed  with  Lipofectin  reagents  (Invitrogen,  Carlsbad,  CA),  according 
to  the  manufacturer’s  instructions.  U20S  cells  (1  x  106  cells/10-cm  dish)  were  seeded  one  day 
before  transfection,  and  fresh  medium  was  added  18  hrs  after  transfection.  Cells  were  incubated 
either  in  the  absence  or  presence  of  nocodazole  (0.3  pg/ml)  30  hrs  after  transfection  for  another 
18  hrs  and  then  harvested  for  analyses. 

Cell  treatment  with  DNA  damaging  agents 

Cycling  T24  cells  were  exposed  to  4000  Rads  ionizing  radiation  (IR),  10  Jm'2  ultraviolet 
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light  (UV),  and  then  harvested  1  hr  later.  The  time  of  treatment  of  20  pg/ml  mitomycin  C 
(Sigma),  10  mM  hydroxyurea  (Sigma),  or  0.3  pg/ml  nocodazole  was  1  hr,  2  hrs,  or  18  hrs, 
respectively.  IR  was  delivered  using  a  137  Cs  source.  UV  was  delivered  using  a  Stratalinker 
(Stratagene,  La  Jolla,  CA)  without  culture  medium. 

Construction  of  plasmids 

Full  length  human  BRCA2  cDNA  flanked  with  Not  I  and  Xho  I  linkers  at  its  5’  and  3’  ends, 
respectively,  and  then  subcloned  in  pcDNA3.1(+)  (Invitrogen).  Various  fragments  of  BRCA2 
cDNA  obtained  using  polymerase  chain  reactions  were  subcloned  in  pUGN,  a  pUHD10-3-based 
vector  (Strategene),  or  pCHPL-GFP2  (24).  Both  of  the  vectors  were  engineered  for  gene 
fragments  as  N-terminal  fusion  with  Myc-GFP. 

To  generate  FLAG-mGST-BR-Nl,  the  BR-N1  fragment  was  subcloned  in  FLAG-mGST,  an 
engineered  plasmid  Created  by  assembling  mammialihn  GST  cDNA  in  p3xFLAG-CMV-10 
(Sigma). 

GST-BR-N1  (WT)  was  generated  by  subcloning  the  BR-N1  fragment  in  pGEX-4T-l 
(Amersham  Pharmacia  Biotech,  Piscataway,  NJ).  GST-BR-N1  mutants  (MTs),  S183A,  S193A, 
S239A,  and  A 193-207,  were  created  using  a  QuickChange  site-directed  mutagenesis  kit 
(Stratagene),  and  the  results  were  verified  by  sequencing. 

The  murine  HA-PlklWT  (wild-type)  and  HA-PlklK82M  (kinase-inactive)  cDNAs  were 
kindly  provided  by  Dr.  Eisuke  Nishida  (Kyoto  University,  Japan)  and  Dr.  Kyung  S.  Lee  (NIH, 
Bethesda).  The  pCI-FLAG-P/CAF  construct  was  kindly  provided  by  Dr.  Yoshihiro  Nakatani 
(Dana  Farber  Cancer  Institute,  Boston). 
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Preparation  of  whole-cell  extracts 

Whole-cell  extracts  were  prepared  as  described  previously  (34).  Briefly,  cells  were 
resuspended  in  ice-cold  NETN  buffer  (250  mM  NaCl ,  5  mM  EDTA,  50  mM  Tris-HCl,  pH  7.4, 
0.1  %  NP-40,  10  pg/ml  aprotinin,  10  fig/ml  leupeptin,  10  pg/ml  pepstain,  5  pg/ml  antipain,  1 
mM  PMSF,  50  mM  NaF,  2  mM  Na3Vo4,  and  10  mM  glycerophosphate),  and  then  subjected  to  3 
fireeze/thaw  cycles.  Insoluble  debris  was  removed  by  centrifugation  at  14,000  x  g  for  10  min.  at  4 
°C.  Total  protein  concentrations  were  determined  by  the  Bradford  assay  (Bio-Rad,  Hercules, 
CA). 

Immunoprecipitation,  phosphatase  treatment  of  immunoprecipitates,  and  Western  blot 

Immunoprecipitations  were  carried  out  with  modification  from  Chen  et  al.  (24).  Briefly, 
whole-cell  extracts  (about  3  mg)  were  first  pre-cleared  by  incubating  with  40  pi  of  protein  A- 
Sepharose  beads  (1:1  slurry)  (Amersham  Pharmacia  Biotech)  at  4  °C  for  30  min.  The 
supernatants  were  then  incubated  with  3  pg  of  murine  IgG  or  anti-BRCA2  (BBA)  monoclonal 
antibody  (24)  at  4  °C  for  1.5  hr  and  then  incubated  with  40  pi  of  a  mixture  of  protein  A-  and  G- 
Sepharose  beads  at  4  °C  for  1.5  hr.  Finally,  beads  were  washed  in  ice-cold  NETN  buffer. 

Co-immunoprecipitation  of  RAD5 1  and  BRCA2  or  FLAG-P/CAF  and  Myc-GFP-BR-NL, 
were  carried  out  using  anti-RAD51  (14B4)  monoclonal  antibody  (35)  or  anti-FLAG  (M2) 
antibody  (Sigma),  respectively. 

For  phosphatase  treatment,  BRCA2  immune  complexes  were  washed  in  NETN  buffer  in  the 
absence  of  phosphatase  inhibitors,  and  resuspended  in  phosphatase  buffer  (100  mM  NaCl,  50 

mM  Tris-HCl,  pH  7.9,  10  mM  MgCl2,  1  mM  DTT).  Parallel  samples  were  incubated  with  or 

'•  ;v-i  b 

without  calf  intestinal  alkaline  phosphatase  (New  England  Biolabs,  Beverly,  MA)  at  30  °C  for  30 
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min. 

Western  blots  were  developed  by  standard  colorimetric  procedures  using  the  appropriate 
alkaline  phosphatase  conjugated  secondary  antibodies  (Promega,  Madison,  WI)  or  ECL 
(Amersham  Pharmacia  Biotech).  The  BRCA2  immunoprecipitates  were  analyzed  by  6.5  %  SDS- 
PAGE  and  Western  with  anti-BRCA2  (Ab2)  polyclonal  antibody  (Oncogene  Research  Products, 
Boston,  MA).  Ectopically  expressed  Myc-GFP  fusion  proteins  in  U20S  cells  were  probed  with 
anti-GFP  monoclonal  antibody  (Roche  Applied  Science,  Indianapolis,  IN). 

In  vitro  kinase  assays 

Plkl  kinase  assay  was  adapted  from  Lee  et  al.  (36);  briefly,  nocodazole-treated  U20S  whole¬ 
cell  extracts  (500  pg)  in  NETN  buffer  were  immunoprecipitated  with  1.5  pg  of  murine  IgG,  anti- 
Plk  monoclonal  antibody  (Zymed  Laboratotries  Inc.,  South  San  Francisco,  CA),  or  anti-HA 
(12CA5)  monoclonal  antibody  at  4  °C  for  1.5  hrs  and  then  incubated  with  20  pi  of  a  mixture  of 
protein  A-  and  protein  G-  Sepharose  beads  at  4°C  for  another  1.5  hrs.  Following  extensive 
washing  of  the  immune  complexes  with  NETN  buffer,  kinase  reactions  were  initiated  by  adding 
50  pM  cold  ATP  and  5  pCi  [y-32P]-ATP  (Amersham  Pharmacia  Biotech)  in  the  presence  of  12  pi 
of  Plkl  kinase  buffer  (50  mM  Tris-HCl,  pH  7.4,  2  mM  EDTA,  pH  8.0,  2  mM  DTT,  10  mM 
MgCl2,  50  mM  NaF,  2  mM  Na3Vo4,  and  10  mM  glycerophosphate),  using  6  pg  of 
unphosphorylated  casein  (Sigma),  GST,  or  GST-BRN1  as  substrates. 

Cdkl  kinase  assay  was  adapted  from  Park  et  al.  (37);  briefly,  cycling  U20S  whole-cell  extracts 
(500  pg)  in  NETN  buffer  were  immunoprecipitated  with  1.5  pg  of  anti-Cdc2  (p34)  monoclonal 
antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  and  washed  as  described  above.  Kinase 
reactions  were  initiated  by  adding  50  pM  cold  ATP  and  5  pCi  [y-32P]-ATP  in  the  presence  of  12 
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|xl  of  Cdkl  kinase  buffer  (50  mM  Tris-HCl,  pH  7.4, 1  mM  DTT,  and  10  mM  MgCl2),  using  2  fig 
of  histone  HI  (Roche  Applied  Science)  and  6  fig  of  GST  or  GST-BRN1  as  substrates. 

The  kinase  reactions  were  carried  out  at  30  °C  for  30  min.  and  stopped  by  SDS  protein  sample 
buffer.  One-third  of  the  total  volume  were  fractionated  on  SDS-PAGE  and  analyzed  by 
Coomassie  blue  staining,  autoradiography,  or  Western  blot. 

Recombinant  proteins 

Recombinant  BRCA2  protein  was  expressed  using  the  baculovirus  expression  system 
according  to  manufacturer’s  guide  (Pharmingen,  San  Diego,  CA).  Briefly,  approximately  1  x  106 
sf9  cells  were  infected  with  baculovirus  expressing  full  length  His-tagged  BRCA2  at  the 
appropriate  MOI  (multiplicity  of  infection);  infected  cells  were  then  harvested  48  hrs  later,  and 
lysed  in  NETN  buffer. 

For  partial  purification  of  recombinant  FLAG-mGST-BR-N  1  proteins,  nocodazole-treated 
whole-cell  extracts  (200  10-cm  dishes  of  U20S)  prepared  in  NETN  buffer  48  hrs  after  transient 
transfection  with  FLAG-mGST-BR-N  1  were  subjected  to  immunoaffmity  purification  using  anti- 
FLAG  (M2)  resins.  The  FLAG-mGST-BR-N  1  immune  complexes  were  eluted  using  SDS 
protein  sample  buffer,  fractioned  on  8.5  %  SDS-PAGE  and  analyzed  by  Coomassie  blue  staining 
and  Western  blot  with  anti-BRCA2  (1-17)  polyclonal  antibody  (Santa  Cruz  Biotechnology). 

To  purify  GST  fusion  proteins,  all  the  recombinant  GST-BR-N1  proteins  expressed  in  BL21 
Star  (DE3)  (Invitrogen),  were  purified  using  glutathione  agarose  resins  according  to 
manufacturer’s  instructions  (Amersham  Pharmacia  Biotech). 

Mass  spectrometry  for  the  identification  of  phosphorylation  sites 


M-phase  specific  phosphorylation  of  BRCA2 


Identification  of  phosphorylation  sites  using  mass  spectrometry  was  performed  as  described 
previously  (38). 

RESULTS 

BRCA2  is  hyperphosphorylated  specifically  in  M phase. 

The  BRCA2  mRNA  and  protein  levels  have  been  shown  to  be  present  at  high  levels  at  late 
G1 /early  S  phase  in  rapidly  proliferating  cells  (39,40).  However,  the  precise  expression  profile  of 
BRCA2  throughout  the  cell  cycle  remains  unclear.  We  re-examined  the  expression  of  BRCA2  in 
synchronized  human  bladder  carcinoma  T24  cells  following  previously  established  protocols 
(33).  As  shown  in  Fig.  1  A,  BRCA2  was  expressed  once  cells  enter  S  phase  (lane  3,  upper  panel). 
Conspicuously,  we  observed  the  appearance  of  several  slower  migrating  forms  of  BRCA2  in 
extracts  from  cells  enriched  for  M  phase  by  nocodazole  treatment  (lane  6,  Fig.  1A,  upper  panel). 
This  unique  migration  pattern  was  not  observed  in  cell  extracts  from  interphase  cells  or  sf9  insect 
cells  expressing  recombinant  BRCA2  (compare  lane  6  with  lanes  1-5,  upper  panel.  Fig.  1A).  The 
phosphorylation  pattern  of  RB  (Fig.  1A,  middle  panel)  was  used  as  an  indicator  for  the  cell  cycle 
phase  as  previously  described  (33). 

To  rule  out  the  possibility  that  the  slower  migrating  forms  of  BRCA2  resulted  from  the 
treatment  of  cells  with  nocodazole,  M-phase  enriched  cell  extracts  were  prepared  from  T24  cells 
released  from  double  thymidine  block  without  nocodazole  (referred  to  as  M-SN  for  M-phase- 
Synchronized  extracts,  Fig.  IB).  Consistently,  BRCA2  displayed  similar  slower  migrating  forms 
(Fig.  IB,  lane  4,  upper  panel).  Furthermore,  the  slower  migrating  forms  of  BRCA2  were  more 
distinct  and  prominent  using  highly  purified  M-phase  cells,  which  were  collected  by  shaking  off 
slightly  detached  mitotic  cells  (“Mitotic  Shake-Off”  extracts  were  referred  as  M-SO)  (Fig.  IB, 


11 


M-phase  specific  phosphorylation  of  BRCA2 


lane  2,  upper  panel).  Based  on  these  observations,  we  conclude  that  the  slower  migrating  pattern 
seen  with  BRCA2  is  M-phase  specific.  Similar  results  were  seen  with  another  microtubule 
depolymerizing  drug,  vinblastine  (41),  which  is  known  to  arrest  cells  in  M  phase  (data  not 
shown). 

To  determine  whether  the  alteration  in  electrophoretic  mobility  of  BRCA2  was  attributed  to 
phosphorylation,  immune  complexes  of  BRCA2  from  M-phase  and  interphase  cells  were  treated 
with  phosphatase.  As  shown  in  Fig.  1C,  the  slower  migrating  forms  of  BRCA2  from  mitotic  cells 
converted  to  a  faster  migrating  form,  which  co-migrated  with  the  form  of  BRCA2  from 
interphase  cells,  suggesting  that  BRCA2  becomes  hyperphosphorylated  as  cells  enter  M  phase 
(compare  lane  3  to  6,  Fig.  1C). 

DNA  damage  does  not  induce  similar  M-phase  phosphorylation  pattern  of  BRCA2. 

DNA  damage-induced  phosphorylation  of  BRCA1  by  ATM  (Ataxia  Telangiecstasia- 
Mutated),  ATR  (Ataxia  Telangiecstasia  and  Rad3 -Related),  and  CHK2  kinases  has  been  shown 
(42-45).  However,  it  is  currently  unknown  whether  DNA  damage  also  induces  phosphorylation 
of  BRCA2.  To  test  this  possibility,  asynchronous  T24  cells  were  exposed  to  various  DNA 
damaging  agents,  such  as  ionizing  radiation  (IR),  ultraviolet  light  (UV),  mitomycin  C  (MMC), 
and  hydroxyurea  (HU).  All  of  these  genotoxic  agents,  except  for  nocodazole,  induced  dramatic 
alterations  in  electrophoretic  mobility  of  BRCA1  (Fig.  2,  compare  lane  2  to  lanes  3-6,  middle 
panel);  in  contrast,  the  genotoxic  agents  failed  to  induce  the  conspicuous  slower  migrating  forms 
of  BRCA2  as  observed  in  M  phase  (Fig.  2,  upper  panel).  We  do,  however,  note  that  these 
genotoxic  agents  did  elicit  slight  but  not  distinctive  changes  in  the  mobility  of  BRCA2. 

*•''  /  WfAN/.'i  '(  i/’i  .  •  ■  : 
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BRCA2  becomes  dephosphorylated  upon  exit  from  M  phase. 

The  fate  of  hyperphosphorylated  BRCA2  in  M  phase  was  further  examined  in  T24  cells 
released  from  nocodazole  arrest.  After  the  release  from  nocodazole  block  for  0.6  to  1  hour,  the 
slower  migrating  forms  of  BRCA2  were  gradually  converted  to  faster  migrating  forms  of 
BRCA2  (Fig.  3,  top  panel).  At  this  time  point,  the  fastest  migrating  form  of  RB  had  emerged, 
signifying  the  beginning  of  G1  (Fig.  3,  middle  panel,  0.6  and  1  hr  time  points).  This  observation 
revealed  that  BRCA2  becomes  dephosphorylated  as  cells  exit  M  phase  and  enter  interphase.  It 
appears  that  the  dephosphorylation  of  the  slowest  migrating  form  of  BRCA2  is  gradual,  with  the 
appearance  of  “intermediate”  migrating  forms  (at  0.6  and  1  hr  post-release),  before  the 
appearance  of  the  fastest  migrating  form  of  BRCA2  (at  1.5  hrs  post-release).  In  light  of  these 
data,  we  speculate  that  one  of  the  biological  functions  of  BRCA2  may,  in  part,  be  modulated  by 
phosphorylation  and  dephosphorylation  events  as  cells  enter  and  exit  M  phase. 

Mapping  the  M-phase  specific  phosphorylation  regions  ofBRCA2. 

As  an  initial  step  towards  defining  a  role  for  M-phase  phosphorylation  in  the  function  of 
BRCA2,  we  sought  to  map  the  regions  of  BRCA2  that  become  hyperphosphorylated.  Since  the 
hyperphosphorylated  form  of  full  length  BRCA2  showed  such  a  dramatic  alteration  of  gel 
mobility,  we  predicted  that  smaller  fragments  of  BRCA2  that  harbored  the  M-phase  specific 
phosphorylation  sites  would  have  similar  alteration  in  gel  mobility,  and  used  this  as  a  basis  for  a 
strategy  to  identify  these  sites.  We  initially  generated  four  mammalian  expression  constructs  that 
express  fusion  proteins  containing  Myc-green  fluorescent  protein  (GFP)  with  overlapping 
fragments  of  BRCA2  (Myc-GFP-BR-CR,  -BRC4-CR,  -BRC1-5,  and  -BR-N,  Fig.  4A)  and 
transiently  transfected  them  into  U20S  cells.  The  transfected  cells  were  then  treated  with 
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nocodazole  and  harvested  for  Western  blot  analyses  with  anti-GFP  (or  anti-Myc)  antibodies.  Of 
the  four  fusion  proteins,  only  Myc-GFP-BR-N  (which  constituted  the  first  923  amino  acids  of 
BRCA2),  exhibited  a  clear  electrophoretic  mobility  shift  following  nocodazole  treatment  (Fig. 
4B,  compare  lane  4  to  lanes  6,  8  and  10).  This  finding  directed  us  to  focus  on  the  N-terminal 
region  of  BRCA2  (designated  as  BR-N). 

Three  other  derivatives  of  the  BR-N  construct  were  generated  (Myc-GFP-BR-NS,  -BR-NC, 
and  -BR-NL,  Fig.  4A).  All  the  fusion  proteins  exhibited  different  migration  patterns  after 
nocodazole  treatment  (Fig.  4B,  lanes  12,  14,  and  16).  BR-NL  showed  a  more  distinct  change  in 
mobility  shift  compared  to  BR-NC,  which  only  showed  a  slight  change  (Fig.  4B,  compare  lane 
12  to  14).  Interestingly,  BR-NS  showed  two  distinctive  slower  migrating  forms,  but  the  slowest 
migrating  form  appeared  only  after  nocodazole  treatment  (Fig.  4B,  lanes  15  and  16).  These 
findings  suggest  that  BR-NC  contains  at  least  one~M-phase  specific  phosphorylation  site,  while 
BR-NS  contains  at  least  two  phosphotylation  sites  (one  that  is  phosphorylated  in  a  nocodazole- 
independent  manner,  and  the  other  in  a  nocodazole-dependent  manner).  Furthermore,  the 
dramatic  conformational  change  of  BR-NL  that  leads  to  electrophoretic  mobility  shift  in  the 
presence  of  nocodazole  may  require  the  extreme  N-terminal  region  of  BRCA2  (amino  acids  1- 
190). 

To  further  define  the  region  of  BR-NL  (amino  acids  1-672)  that  harbors  the  potential  bi¬ 
phase  specific  phosphorylation  sites,  we  generated  four  other  constructs  that  were  serial  deletions 
from  the  C-terminus  of  BR-NL  and  designated  them  as  Myc-GFP-BR-N4,  -BR-N3,  -BR-N2,  and 
-BR-N1  (Fig.  4A).  All  four  fragments  of  BR-NL  displayed  prominent  changes  in  mobility  after 
nocodazole  treatment  (Fig.  4B,  lanes  18,  20,  22  and  24).  Phosphatase  treatment  of 
immunoprecipitates  with  anti-GFP  antibody  confirmed  that  the  BR-NL  and  BR-N1  fragments 
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were  phosphorylated  (data  not  shown).  Taken  together,  these  studies  suggest  that  the  major  bi¬ 
phase  specific  phosphorylation  sites  contributing  to  the  electrophoretic  mobility  shift  of  full 
length  BRCA2  reside  within  BR-N1  (amino  acids  1-284),  although  we  cannot  exclude  the 
possibility  that  other  M-phase  specific  phosphorylation  sites  exist  in  other  portions  of  BRCA2. 

Identification  of  M-phase  specific  phosphorylation  sites  in  the  BR-N1  fragment. 

To  identify  the  M-phase  specific  phosphorylation  sites  within  BR-N1,  we  generated  a 
construct  expressing  BR-N1  translationally  fused  with  mammalian  Glutathione  S-transferase 
(mGST)  and  FLAG  epitope  and  transfected  the  construct  into  U20S  cells.  The  ectopically 
expressed  FLAG-mGST-BR-Nl  fusion  protein  was  then  purified  using  anti-FLAG  affinity  resins 
from  non-treated  and  nocodazole-treated  cells  (Fig.  5A,  left  panel).  Western  blot  with  anti- 
BRCA2  antibodies  specific  for  the  N-terminal  region  confirmed  the  identity  of  the  purified 
polypeptides  (Fig.  5A,  right  panel).  Both  the  hyperphosphorylated  (ppFLAG-mGST-BRNl,  Fig. 
5 A)  and  hypophosphorylated  (pFLAG-mGST-BRNl,  Fig.  5A)  polypeptides  were  excised  from 
the  Coomassie  blue  stained  gel  for  sequencing  using  microcapillary  reverse-phase  HPLC 
nanoelectrospray  tandem  mass  spectrometry  (on  a  Finnigan  LCQ  DEC  A  quadrupole  ion  trap 
mass  spectrometer).  Two  major  M-phase  specific  phosphopeptides  corresponding  to  the 
sequences  shown  in  Fig.  5B  (open  and  shaded  boxes)  were  recovered  after  tryptic  digestion  of 
the  hyperphosphorylated  form  of  FLAG-mGST-BR-Nl.  Sequence  analyses  were  able  to  confirm 
Ser239  of  phosphopeptide  B  (PP-B)  was  phosphorylated,  but  only  predicted  3  sites  in 
phosphopeptide  A  (PP-A)  were  phosphorylated  (Fig.  5B).  Nevertheless,  alignment  of  the 
phosphopeptide  sequences  revealed  that  PP-A  is  highly  conserved  among  chicken,  mouse,  and 
human,  while  PP-B  is  only  conserved  between  mouse  and  human  (Fig.  5C)  (46),  suggesting  that 


15 

'•I'.’-HH;  lisi'V:  . 


I 


M-phase  specific  phosphorylation  of  BRCA2 


the  M-phase  specific  phosphorylation  within  this  region  may  be  vital  for  the  overall  function  of 
BRCA2. 


Plkl  and  Cdkl  phosphorylate  the  BR-N1  fragment  of  BRCA2  in  vitro. 

The  amino  acid  sequence  surrounding  the  serine/threonine  residues  in  the  identified 
phosphopeptides  (Fig.  5C)  appears  to  show  some  resemblance  to  the  predicted  “consensus 
phosphorylation  motif’  for  the  highly  conserved  mitotic  kinase,  Polo-like  kinase  1  (Plkl).  This 
consensus  motif,  which  is  two  negatively  charged/uncharged  amino  acid  residues  preceding  the 
Ser  or  Thr,  followed  by  a  hydrophobic/uncharged  residue  (for  example,  DE-S/T-L),  is  deduced 
from  the  sites  identified  in  Plkl  phosphorylation  of  Cyclin  B1  (47,48),  Cdc25C  (49),  and  TCTP 
(50).  In  addition,  4  potential  phosphorylation  sites  for  Cdk  kinases  were  also  found  within  BR- 
N1  (Fig.  5B),  although  they  were  not  identified  by  mass  spectrometric  analysis.  Cdk  kinases 
display  substrate  specificity  toward  proteins  containing  the  motif  (S/T)-P-(X)-(K/R)  (X  stands 
for  any  amino  acid)  or  (S/T)-P-(K/R)  (51-53).  Furthermore,  it  has  been  shown  that  during  the 
cell  cycle,  the  kinase  activity  of  Plkl  and  Cdkl  reaches  maximum  levels  at  the  G2/M  transition 
and  gradually  decreases  as  M  phase  proceeds,  and  both  proteins  play  crucial  roles  in  the  entry 
and  exit  from  mitosis  (36,54-56).  In  light  of  this  information,  we  performed  in-vitro  kinase 
assays  using  Plkl  and  Cdkl  immunoprecipated  from  U20S  cells  with  GST-BR-N1  as  the 
substrate.  As  shown  in  Fig.  6A,  phosphorylation  of  BR-N1  by  Plkl,  but  not  by  Cdkl,  resulted  in 
a  dramatic  mobility  change  of  GST-BR-N1  which  was  comparable  to  BR-N1  isolated  from  M- 
phase  cells  (Fig.  6A,  top  panel,  compare  lane  3  with  7). 

To  confirm  that  Plkl  directly  phosphorylates  BR-N1,  kinase  active  or  inactive  forms  of  HA- 
tagged  Plkl  were  transfected  into  U20S,  and  extracts  were  subsequently  prepared  for 
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immunoprecipitation  with  anti-HA  for  in-vitro  kinase  assays.  Significantly,  only  the  active  HA- 
Plkl  kinase  was  able  to  phosphorylate  and  induce  a  mobility  change  in  GST-BR-N1  as  detected 
by  the  32P  signal  (Fig.  6B,  lane  3,  indicated  by  PP)  and  by  comparing  protein  position  in  the 
Coomassie  blue  stained  gel  (Fig.  6B,  lane  6,  indicated  by  two  diamonds).  The  presence  of  HA- 
Plkl  in  the  assays  was  confirmed  by  Western  blots  (Fig.  6B,  lanes  7-9).  The  phosphoproteins 
with  lower  molecular  weight  indicated  by  arrowheads  likely  represent  Plkl  associated  substrates 
(Fig.  6A,  lane  3). 

To  determine  which  residues  on  BR-N1  are  targeted  by  Plkl,  various  GST-BR-N1  mutants 
were  generated  (Fig.  6C)  based  on  the  mass  spectrometric  results,  to  serve  as  substrates  in  the 
Plkl  immunoprecipitation-kinase  assays.  Fig.  6D  showed  that  phosphorylation  of  the  GST-BR- 

y!-i;  -• 

NISI 93 A  mutant  was  reduced,  while  phosphorylation  of  GST-BR-N1 A 193-207  was  abolished 
(lanes  5  and  7,  top  panel).  Together,  these  data  suggest  that  Plkl  targets  Serl93  and  possibly  two 
other  sites  between  amino  acids  193  and  207  on  BRCA2  in  an  M-phase  specific  manner. 


M-phase  specific  phosphorylation  ofBRCA2  does  ndt  affect  its  association  with  RAD51. 

Several  BRCA2-interacting  proteins,  including  RAD51  (11,23,24)  and  P/CAF  (29),  and  their 
minimal  interacting  motifs  on  BRCA2  have  been  identified  (Fig.  7A).  The  interaction  with 
RAD51  is  central  to  the  function  of  BRCA2  in  HR.  To  investigate  whether  this  M-phase  specific 
phosphorylation  influences  the  interaction-  between  BRCA2  and  RAD51,  co- 
immunoprecipitation  experiments  using  anti-human  RAD51  antibody  and  extracts  from 
interphase  and  M-phase  T24  cells  were  performed.  As  shown  in  Fig.  7B  (lanes  5  and  6),  both  of 
the  hyperphosphorylated  and  hypophosphorylated  forms  of  BRCA2  were  co-immunoprecipitated 
with  RAD51,  suggesting  that  the  association  between  BRCA2  and  RAD51  is  independent  of  the 
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M-phase  specific  phosphorylation  event  of  BRCA2. 

The  hyperphosphorylated  M-phase  form  of BRCA2  dissociates  from  P/CAF. 

It  has  been  shown  that  the  N-terminus  of  BRCA2  associates  with  acetyltransferase  activity 
when  bound  to  P/CAF  (29).  By  means  of  an  in-vitro  GST  pull-down  assay,  the  amino  acid 
residues  290-453  of  BRCA2  were  determined  to  be  sufficient  for  interaction  with  P/CAF.  This 
interaction  was  also  confirmed  in  vivo  by  co-immunoprecipitation  of  FLAG-tagged  P/CAF  with 
HA-tagged  N-terminal  region  of  BRCA2  (amino  acid  residues  1-1963).  Because  the  major  bi¬ 
phase  specific  phosphorylation  region  of  BRCA2  resides  in  its  N-terminal  region,  we  examined 
whether  the  association  of  P/CAF  with  BRCA2  is  influenced  by  the  M-phase 
hyperphosphorylation.  A  co-immunoprecipitation  experiment  was  performed  using  cell  extracts 
prepared  from  asynchronous,  adriamycin-treated  (G2  arrest),  nocodazole-treated  (M-phase- 
enriched),  or  mitotic  shake-off  (highly  purified  M-phase  cells)  U20S  cells,  transiently 
transfected  with  a  Myc-GFP-tagged  BRCA2  N-terminal  fragment  (Myc-GFP-BRNL  1-672)  as 
well  as  a  FLAG-tagged  P/CAF  (FLAG-P/CAF).  Fig.  7C  showed  that  only  the 
hypophosphorylated  but  not  the  hyperphosphorylated  form  of  Myc-GFP-BRNL  1-672  could  be 
co-immunoprecipitated  with  FLAG-P/CAF  using  anti-FLAG  (M2)  antibody  (lanes  8-11).  As 
previously  shown  in  Fig.  2B,  the  predominant  form  of  BRCA2  in  M  phase  is  the 
hyperphosphorylated  form.  Collectively,  these  observations  suggest  the  interaction  between 
BRCA2  and  P/CAF  is  regulated  by  phosphorylation  in  a  cell  cycle  dependent  manner. 

DISCUSSION 

In  the  present  study,  we  showed  that  (i)  BRCA2  is  hyperphosphorylated  specifically  in  M 


18 


M-phase  specific  phosphorylation  of  BRCA2 

phase  and  becomes  dephosphorylated  as  cells  exit  mitosis  or  enter  interphase  in  vivo-,  (ii)  the  N- 
terminus  of  BRCA2  is  the  major  M-phase  specific  phosphorylation  region  that  contributes  to  the 
alterations  in  electrophoretic  mobility  of  BRCA2.  Furthermore,  we  demonstrated  that  (iii)  the 
mitotic  kinase  Plkl  targets  at  least  Serl93  within  amino  acids  193-204  of  BRCA2  and  (iv) 
dissociation  of  BRCA2  from  P/CAF,  but  not  from  RAD51,  correlates  with  M-phase  specific 
phosphorylation  of  BRCA2.  Taken  together  these  data  suggest  that  Plkl  may  regulate  a  number 
of  potential  functions  of  BRCA2  during  mitosis  (Fig.  8). 

The  phenotypes  of  mice  harboring  various  truncation  mutations  5'  of  the  BRC  repeats  in 
Brca2,  range  from  embryonic  lethality  between  E6  and  E9,  to  survival  until  birth  (9-12).  Mouse 
embryonic  cells  derived  from  these  mice  show  radiation  sensitivity,  defects  in  HR  and 
pronounced  chromosomal  aberrations  (57,58).  These  phenotypes  can  be  attributed,  in  part,  to  the 
loss  of  RAD51  interacting  function  within  the  BRC  repeats  and  conserved  CTD  and  possibly  the 
absence  of  nuclear  localization  (NLS)  sequences  in  the  extreme  C-terminus  (Fig.  7A)  (57). 
Moreover,  many  cancer  predisposing  point  mutations  have  also  been  identified  within  the  BRC 
repeats  (for  example,  D1420Y,  G1529R)  or  clustered  within  the  highly  conserved  C-terminal 
domain  (for  example,  A2466V,  A2951T)  (Breast  Cancer  Information  Core).  Besides  the  potential 
involvement  in  transcription  regulation,  the  function  of  the  N-terminus  of  BRCA2  remains 
relatively  unknown  (28).  Cancer  predisposing  point  mutations  have  also  been  found  within  exon 
3  (amino  acids  23-105,  Y42C)  and  in  frame  deletion  of  BRCA2  exon  3  has  been  identified  in  a 
Swedish  family  with  a  history  of  breast  and  ovarian  cancer  (59),  suggesting  that  the  N-terminus 
of  BRCA2  must  provide  an  important  contribution  to  its  Overall  functions. 

Interestingly,  it  has  been  shown  that  the  N-terminal  region  of  BRCA2  (amino  acids  18-141) 
associates  with  and  is  phosphorylated  by  a  yet  to  be  identified  cellular  kinase  and  removal  of  the 
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exon  3  region  (amino  acids  23-105)  disrupted  this  interaction  (60).  Consistently,  we  found  the 
extreme  N-terminus  of  BRCA2  (amino  acids  1-284,  BR-N1),  which  includes  the  region  encoded 
by  exon  3,  is  phosphorylated  specifically  in  M  phase.  More  precisely,  at  least  4  phosphorylation 
sites  within  two  stretches  of  amino  acids  (PP-A  and  PP-B,  Fig  5C)  within  this  region  were 
identified  to  be  targeted  in  vivo.  Mutation  of  highly  conserved  Seri  93  leads  to  a  reduction  in  the 
phosphorylation  of  BR-N1  by  Plkl,  while  elimination  of  one  of  these  stretches  of  amino  acid 
(193-207),  abolishes  BR-N1  phosphorylation  by  Plkl,  suggesting  that  Plkl  targets  at  least 
Seri 93  within  this  region  of  BRCA2  in  vivo.  Plkl,  the  mammalian  ortholog  of  Drosophila  Polo, 
has  been  implicated  in  the  regulation  of  a  number  of  mitotic  events  including  entry  into  mitosis, 
centrosome  separation  and  maturation,  metaphase  to  anaphase  transition  and  cytokinesis 
(55,56,61-63).  These  roles  coincide  with  the  potential  roles  of  BRCA2  during  the  transition  of 
G2  to  M  phase  (to  be  discussed  later).  Although  Cdkl  is  able  to  phosphorylate  BR-N1  in  vitro,  it 
does  not  induce  the  mobility  change  as  seen  with  Plkl;  however,  we  cannot  eliminate  the 
possibility  that  Cdkl  also  targets  BRCA2  in  vivo.  Moreover,  since  Ser239  is  identified  by  the 
mass  spectrometric  analysis  as  another  in  vivo  phosphorylation  site,  there  are  likely  many  kinases 
that  target  this  region  of  BRCA2,  implicating  the  potential  for  a  very  complex  and  intricate 
network  of  regulation  for  the  N-terminus  of  BRCA2. 

What  is  the  consequence  of  M-phase  specific  phosphorylation  of  BRCA2?  Our  results 
suggest  that  RAD51  associates  with  both  the  hyperphosphorylated  and  hypophosphorylated 
forms  of  BRCA2  during  mitosis;  therefore,  the  M-phase  specific  phosphorylation  of  BRCA2 
may  have  little  influence  on  the  function  of  the  BRCA2/RAD51  complex.  Our  data  however  do 
suggest  that  P/CAF  associates  with  the  N-terminal  region  of  BRCA2  and  this  association 
becomes  disrupted  following  phosphorylation  of  BRCA2  during  M  phase.  One  potential  function 
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of  the  intact  BRCA2-P/CAF  complex  in  G2  is  to  prevent  premature  entry  into  mitosis.  This  is 
consistent  with  our  finding  that  BRCA2  is  a  substrate  of  Plkl,  a  kinase  intimately  linked  to 
regulating  entry  into  mitosis  (54).  It  has  been  shown  that  phosphorylation  of  Serl33  and  Serl47 
on  the  Cyclin  B1  and  Seri 98  on  the  Cdc25C  phosphatase  by  Plkl  is  required  for  their  nuclear 
localization  and  cell  mitotic  entry  (47-49).  It  is  possible  that  Plkl  may  also  regulate  BRCA2  in  a 
similar  manner.  Furthermore,  the  dissociation  of  P/CAF  from  BRCA2  at  pre-metaphase,  may  be 
necessary  for  proper  chromosome  segregation  events  (Fig.  8),  which  are  monitored  by  mitotic 
checkpoints.  Supporting  this  notion,  BRCA2  has  been  reported  to  associate  with  BubRl,  a 
spindle  checkpoint  kinase  (64).  Similarly,  inactivation  of  another  spindle  protein,  Bubl,  is 
sufficient  to  overcome  growth  arrest  and  promote  transformation  of  Brca2-deficient  cells  (65). 
Moreover,  BRCA2  has  been  found  to  associate  with  a  cruciform-DNA  binding  protein,  BRAF35, 
in  a  supramolecular  protein  complex  that  associates  with  chromatin  during  mitosis. 
Microinjection  of  BRCA2  or  BRAF35  antibodies  results  in  a  delayed  entry  into  M  phase  (66). 
Deregulation  of  the  potential  BRCA2  function  during  mitosis  may  lead  to  major  chromosomal 
alterations  as  seen  in  BRCA2-deficient  cells.  Hdwevef,' the  precise  role  of  the  BRCA2-P/CAF 
complex  during  mitosis  remains  to  be  elucidated. 

The  observation  that  BRCA2  becomes  hyperphosphorylated  during  M  phase  is  significant  in 
that  it  reveals  a  novel  regulatory  mechanism  for  BRCA2  functions.  Further  identification  of  other 
kinases  responsible  for  phosphorylating  BRCA2  at  M-phase  will  enhance  the  understanding  of 
the  role  of  BRCA2  during  mitosis. 
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FIGURE  LEGENDS 

Fig.  1.  BRCA2  is  hyperphosphorylated  specifically  in  M  phase  of  the  cell  cycle  in  vivo. 

(A)  The  expression  profile  of  BRCA2  protein  during  the  cell  cycle.  T24  cells  were  arrested  in  a 
quiescent  state  using  contact  inhibition  and  then  released  to  grow.  Cultures  were  harvested  at  0, 
12,  18,  and  24  hrs  following  release  (GO,  G12,  G18,  and  G24,  lane  2-5),  and  M-phase  cells  (M, 
lane  6)  were  enriched  by  treatment  of  nocodazole.  Recombinant  BRCA2  expressed  in  sf9  cells 
was  used  as  a  control  (Cntl,  lane  1)  for  positioning  of  endogenous  BRCA2.  The  whole-cell 
extracts  were  immunoblotted  for  BRCA2  (top),  RB  (middle),  or  p84  (bottom),  a  component  of 
the  nuclear  matrix  which  was  used  as  an  internal  control  for  equal  loading. 

(B)  The  slower  migrating  forms  of  BRCA2  appear  only  in  M  phase.  Asynchronously  growing 


27 


M-phase  specific  phosphorylation  of  BRCA2 


T24  cells  were  either  untreated  (ASN,  lanes  1  and  5)  or  exposed  to  nocodazole  for  obtaining  Mi 
phase-Enriched  cells  (M-EN,  lane  3).  To  obtain  the  Mitotic  Shake-Off  cells  (M-SO,  lane  2), 
cells  were  collected  by  shaking  off  the  nocodazole-treated  cells.  To  obtain  M-phase- 
Synchronized  cells  (M-SN,  lane  4)  in  the  absence  of  nocodazole,  cells  were  released  from  double 
thymidine  block  and  then  harvested  once  cells  showed  an  increase  in  mitotic  indices.  The  whole¬ 
cell  extracts  were  immunoblotted  for  BRCA2  (top)  or  p84  (bottom). 

(C)  Alteration  in  electrophoretic  mobility  ofBRCA2  is  due  to  phosphorylation.  Equal  amounts  of 
asynchronous  (ASN,  lane  1)  or  nocodazole-treated  (NOC,  lane  2)  T24  whole-cell  extracts  were 
immunoprecipitated  using  anti-BRCA2  (BBA)  monoclonal  antibody.  Endogenous  BRCA2 
immune  complexes  were  either  untreated  (lanes  3  and  4)  or  treated  (lanes  5  and  6)  with  alkaline 

\  \  ■  i " 

phosphatase  (PPase)  and  then  immunoblotted  with  anti-BRCA2  (Ab-2)  polyclonal  antibody. 

Fig.  2.  DNA  damage  does  not  induce  similar  M-phase  phosphorylation  of  BRCA2. 

Asynchronous  T24  cells  were  either  untreated  (ASN,  lane  1),  or  exposed  to  nocodazole  (NOC, 
lane  2),  ionizing  radiation  (IR,  lane  3),  ultraviolet  light  (UV,  lane  4),  mitomycin  C  (MMC,  lane 
5),  or  hydroxyurea  (HU,  lane  6)  as  described  in  experimental  procedures.  The  whole-cell  extracts 
were  immunoblotted  for  BRCA2  (top),  BRCA1  (middle),  or  p84  (bottom). 

Fig.  3.  BRCA2  becomes  dephosphorylated  as  cells  exit  from  M  phase. 

Nocodazole-arrested  T24  cells  collected  by  the  mitotic  shake-off  method  were  re-plated  in  fresh 
media  to  allow  re-entry  into  the  cell  cycle.  Whole-cell  extracts  were  prepared  at  0,  0.3,  0.6,  1, 
1.5,  2,  4,  8,  and  14  hr(s)  after  removal  of  nocodazole,  and  immunoblotted  for  BRCA2  (top),  RB 
(middle),  or  p84  (bottom).  The  phases  of  the  cell  cycle,  M,  Gl,  and  S,  are  indicated  below  the 
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bottom  panel. 

Fig.  4.  Mapping  the  region  of  BRCA2  that  is  hyperphosphorylated  during  M  phase. 

(AM  schematic  diagram  of  full  length  BRCA2  and  the  various  BRCA2  fragments  used  in 
identifying  the  M-phase  specific  phosphorylation  sites.  The  size  and  location  of  the  various 
Myc-GFP-BRCA2  fragments  used  in  the  transient  transfection  assays  are  shown  below  the  full 
length  schematic  of  BRCA2.  EX3  and  CTD  stand  for  exon  3  and  the  conserved  C-terminal 
domain  of  BRCA2,  respectively.  The  various  degrees  of  electrophoretic  mobility  shift  of  the 
BRCA2  fragments  seen  in  cells  exposed  to  nocodazole  are  indicated  by  minus  signs  (-,  no 
change),  single  plus  signs  (+,  slight  change),  or  double  plus  signs  (++,  distinct  change). 

(B)  Identification  of  the  major  M-phase  specific  phosphorylation  regions  of  BRCA2,  which 
contribute  to  the  distinct  shift  in  electrophoretic  mobility.  U20S  cells  were  transiently  transfected 
with  Myc-GFP-BRCA2  expression  constructs  (lanes  1-24),  which  contain  various  fragments  of 
BRCA2  as  shown  in  (A).  Equal  amounts  of  whole-cell  extracts  from  untransfected  asynchronous 
parental  (UN,  lane  0),  transfected  asynchronous  (all  of  the  odd  numbered  lanes),  or  nocodazole- 
treated  (all  of  the  even  numbered  lanes  except  lane  0)  U20S  cells  were  analyzed  by 
immunoblotting  with  anti-GFP  antibody. 

Fig.  5.  Identification  of  M-phase  specific  phosphorylation  sites  on  the  BR-N1  fragment  of 
BRCA2. 

(A)  Purification  of  FLAG-mGST-BR-Nl  for  mass  spectrometric  analysis.  Whole-cell  extracts 
made  from  untransfected  parental  (UN,  lanes  1  and  4)  and  untreated  (ASN,  lanes  2  and  5)  or 
nocodazole-treated  (NOC,  lanes  3  and  6)  U20S  cells  transfected  with  the  construct  expressing 
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BR-N1  fused  with  FLAG  and  mGST  were  subjected  to  immunoaffinity  purification  using  anti- 
FLAG  resins.  Bound  proteins  were  resolved  on  SDS-PAGE  and  stained  with  Coomassie  blue 
(lanes  1-3)  or  analyzed  by  Western  blot  using  anti-BRCA2  polyclonal  antibody  (lanes  4-6).  The 
polypeptides  corresponding  to  FlAG-mGST-BRN  1 -p  and  -pp  were  excised  for  mass 
spectrometric  analysis.  IgG  HC  and  LC  stand  for  IgG  heavy  and  light  chains,  respectively. 

(B)  The  amino  acid  sequence  of  BR-N1  (1-284)  and  the  phosphopeptides  identified  by  mass 
spectrometric  analysis.  BR-N1  constitutes  the  first  284  amino  acids  of  the  N-terminus  of 
BRCA2.  The  M-phase  specific  phosphopeptides,  PP-A  and  PP-B,  and  phosphorylation  site, 
Ser239,  identified  by  mass  spectrometric  analysis  are  indicated  as  an  open  box,  shaded  box 
and  a  star  symbol,  respectively.  The  potential  Cdk  phosphorylation  motifs  are  underlined. 

(C)  The  identified  M-phase  specific  phosphopeptides  of  BRCA2  are  highly  conserved.  Amino 
acid  sequence  alignment  of  the  identified  M-phase  specific  phosphopeptides  (PP-A  and  PP-B) 
from  human  (H)  BRCA2  with  its  mouse  (M)  and  chicken  (C)  counterparts.  The  highly  conserved 
residues  Serl81,  Serl83,  Serl93,  Serl96,  Serl97,  Thr200,  Thr203,  and  Thr207  within  PP-A  are 
boxed;  Ser239  is  conserved  between  mouse  and  human. 

Fig.  6.  Polo-like  kinasel  (Plkl)  phosphorylates  BR-N1  fragment  of  BRCA2. 

(A)  In  vitro  Plkl  and  Cdkl  kinase  assays  with  GST-BR-N1.  Whole-cell  extracts  prepared  from 
U20S  cells  were  immunoprecipitated  with  control  IgG,  (lane  4)  anti-Plk  (lanes  1  to  3)  or  anti- 
Cdkl  antibody  (lanes  5  to  7);  immune  complexes  were  incubated  with  [y -32P]-ATP  in  the 
presence  of  2  pg  of  the  indicated  substrates  for  the  kinase  reaction.  Casein  and  histone  HI  were 
used  as  controls  for  the  kinase  assays.  Following  the  reaction,  the  samples  were  divided  equally 
for  SDS-PAGE  and  Coomassie  blue  staining  (middle  panel),  autoradiography  (top  panel)  and 
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Western  blot  analysis  with  anti-Plk  and  Cdkl  antibodies  (bottom  panel).  IgG  HC  stands  for  IgG 
heavy  chain. 

(B)  BR-N1  is  phosphorylated  specifically  by  Plkl.  Extracts  prepared  from  U20S  cells  transfected 
with  kinase  inactive  (KD,  lanes  2,  5  and  8)  or  active  (WT,  lanes  3,  6,  and  9),  and  from 
untransfected  parental  cells  (UN,  lanes  1, 4  and  7).  HA-Plkl  was  immunoprecipitated  with  anti- 
HA  antibody  for  in-vitro  kinase  assays  with  2  pg  of  GST-BR-N1  and  [y-32P]-ATP.  The  reactions 
were  divided  equally  and  fractionated  on  SDS-PAGE  for  Coomassie  blue  staining  (middle 
panel),  autoradiography  (left  panel)  and  Western  Blot  analysis  with  anti-HA  antibodies  (right 
panel).  Hypo-  and  hyperphosphorylated  GST-BR-N1  (lane  6)  in  the  Comassie  blue  stained  gel 
are  indicated  by  single  and  double  diamond(s),  respectively.  Potential  Plkl  associated  substrates 
(lane  3)  are  indicated  by  arrow  heads.  IgG  HC  stands  for  IgG  heavy  chain. 

(C)  Phosphorylation  mutants  of  GST-BR-N1.  The  specific  serine  to  alanine  (S  to  A)  and  deletion 
(A,  boxed)  mutants  of  BR-N1  are  shown. 

(D)  In-vitro  kinase  assay  of  Plkl  with  various  GST-BR-N1  phosphorylation  mutants.  Plkl 
immune-complexes  were  incubated  with  2  pg  of  the  various  substrates  indicated  and  [y-32P]- 
ATP  as  described  in  Methods  and  Materials.  The  samples  were  divided  equally  for  SDS-PAGE 
and  Coomassie  blue  staining  (middle  panel),  autoradiography  (top  panel)  and  Western  blot 
analysis  with  anti-Plk  antibody  (bottom  panel).  IgG  HC  stands  for  IgG  heavy  chain. 

Fig.  7.  M-phase  phosphorylated  BRCA2  associates  with  RAD51  but  not  with  P/CAF  in  vivo. 

(A)  Schematic  diagram  showing  BRCA2  interacting  proteins.  The  minimal  amino  acid  region  on 
BRCA2  required  for  association  with  P/CAF,  RAD51,  BRAF35,  DSS1,  BUBR1,  BCCIP  and 
FLNa,  are  indicated  by  short  bars  and  shown  above  the  schematic  for  full  length  BRCA2 
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(11,23,24,29,64,66-69).  Exon  3  (EX3),  8  BRC  repeats,  and  conserved  C-terminal  domain  (CTD) 
are  shown  below  BRCA2.  The  size  and  location  of  the  BRCA2  N-terminal  fragment  (BR-NL) 
harboring  the  potential  M-phase  specific  phosphorylation  sites  used  for  the  co- 
immunoprecipitation  studies  with  FLAG-P/CAF  are  also  presented. 

(B)  Endogenous  hyperphosphorylated  (M-phase  form)  and  hypophosphorylated  (interphase 
form)  BRCA2  both  associate  with  RAD51  in  vivo.  Equal  amounts  of  asynchronous  (ASN,  lane  1) 
or  nocodazole-treated  (NOC,  lane  2)  T24  whole-cell  extracts  were  immunoprecipitated  using 
murine  IgG  (lanes  3  and  4)  as  a  control  or  anti-RAD51  antibody  (lanes  5  and  6),  fractioned  on  5- 
10  %  gradient  SDS-PAGE  and  subjected  to  Western  blot  analysis  for  BRCA2  (top)  or  RAD51 
(bottom). 

(C)  M-phase  hyperphosphorylated  N-terminus  ofBRCA2  dissociates  from  P/CAF.  U20S  cells 
were  transiently  co-transfected  with  GFP-tagged  BRCA2  N-terminus  (GFP-BR-NL)  and  FLAG- 
tagged  P/CAF  (FLAG-P/CAF)  and  the  transfected  cells  were  either  untreated  (ASN,  lanes  2,  7, 
and  8;  lane  1  and  6  referred  as  untransfected  parental  cells),  or  treated  with  adriamycin  (ADM, 
lanes  3  and  9),  or  nocodazole  (NOC,  lanes  4  and  10,  referred  as  M-phase-enriched  cells);  the 
highly  purified  M-phase  cells  (M-SO,  lanes  5  and  11)  were  collected  using  the  mitotic  shake-off 
method.  The  whole-cell  extracts  were  immunoprecipitated  with  murine  IgG  (lane  7)  as  a  control 
or  anti-FLAG  antibody  (M2,  lanes  6  and  8-11).  The  resulting  immune  complexes  were 
immunoblotted  with  anti-GFP  (top)  or  anti-FLAG  antibody  (bottom).  Hyperphosphorylated  and 
hypophosphorylated  GFP-BR-NL  are  indicated  with  PP  and  P,  respectively. 

/ 

Fig.  8.  Model  for  the  possible  roles  of  M-phase  specific  phosphorylation  event  of  BRCA2. 
The  intact  BRCA2-P/CAF  complex  in  G2  may  have  roles  related  to  preventing  premature  entry 


32 


M-phase  specific  phosphorylation  of  BRCA2 


of  cells  into  mitosis.  Since  Plkl  is  important  for  cellular  mitotic  entry,  phosphorylation  of 
BRCA2  by  Plkl  and  possibly  by  Cdkl  and  other  M-phase  kinase  may  regulate  this  potential 
function  of  the  BRCA2-P/CAF  complex.  Furthermore,  one  of  the  consequences  of  the 
hyperphosphorylation  event  of  BRCA2  is  the  dissociation  of  P/CAF,  which  may  allow  BRCA2 
and  its  associated  proteins  to  participate  in  modulating  chromatin  structure  for  proper  transition 
of  cells  through  mitosis.  Once  cells  exit  mitosis  and  re-enter  Gl,  hyperphosphorylated  BRCA2 
becomes  dephosphorylated,  perhaps  to  re-establish  association  with  P/CAF  for  interphase 
functions. 
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Summary 

Repair  of  DNA  double-strand  breaks  (DSBs)  by  homol¬ 
ogous  recombination  requires  members  of  the  RAD52 
epistasis  group.  Here  we  use  chromatin  immunopre- 
cipitation  (ChIP)  to  examine  the  temporal  order  of 
recruitment  of  Rad51p,  Rad52p,  Rad54p,  Rad55p, 
and  RPA  to  a  single,  induced  DSB  in  yeast  Our  results  . : 
suggest  a  sequential,  interdependent  assembly  of 
Rad  proteins  adjacent  to  the  DSB  initiated  by  binding 
of  Rad51p.  ChIP  time  courses  from  various  mutant 
strains  and  additional  biochemical  studies  suggest 
that  Rad52p,  Rad55p,  and  Rad54p  each  help  promote 
the  formation  and/or  stabilization  of  the  Rad51p  nu- 
cleoprotein  filament.  We  also  find  that  all  four  Rad 
proteins  associate  with  homologous  donor  sequences 
during  strand  invasion.  These  studies  provide  a  near 
comprehensive  view  of  the  molecular  events  required 
for  the  in  vivo  assembly  of  a  functional  Rad51p  presyn- 
aptic  filament. 

Introduction 

DNA  double-strand  breaks  (DSBs)  arise  in  DNA  due  to 
environmental  insults  such  as  ionizing  radiation  or 
chemical  exposure.  DSBs  also  play  an  important  role  as 
intermediates  in  DNA  replication,  immunoglobulin  V(D)J 
recombination,  meiotic  and  mitotic  crossing-over,  and 
yeast  mating-type  switching.  Failure  to  correctly  pro¬ 
cess  these  DSBs  can  result  in  deletion  or  insertion  of 
genetic  information,  chromosomal  fragmentation,  trans¬ 
location,  and  chromosome  loss. 

Homologous  recombination  (HR)  is  a  major  pathway 
of  DSB  repair  in  ail  eukaryotes  and  has  a  distinct  advan¬ 
tage  over  other  mechanisms  in  that  it  is  mostly  error 
free.  Repair  of  DSBs  by  HR  requires  the  RAD52  epistasis 
group,  defined  by  the  yeast  RAD50,  RAD51,  RAD52, 
RAD54,  RAD55,  RAD57 ,  RAD59,  MR  El  1 ,  and  XRS2  genes. 
These  genes  are  highly  conserved  among  all  eukaryotes 
(Cromie  et  al.,  2001;  Paques  and  Haber,  1999;  Sung  et 
al.,  2000),  highlighting  the  importance  of  these  proteins 
for  cell  survival.  In  yeast,  loss-of-function  mutations  in 
these  RAD  genes  disrupt  HR,  leading  to  extreme  sensi¬ 
tivity  to  radiation  and  chemical  mutagens,  as  well  as  a 
vastly  reduced  capacity  for  mating-type  switching  (re- 
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viewed  in  Paques  and  Haber,  1999;  Sung  et  al.,  2000). 
In  the  mouse,  a  homozygous  null  allele  of  RAD51  leads 
to  embryonic  lethality  (Tsuzuki  et  al.,  1996),  and  muta¬ 
tions  in  RAD  genes  are  associated  with  a  spectrum  of 
diseases,  including  cancer  (reviewed  in  Ivanov  and  Ha¬ 
ber,  1997;  Jasin,  2000;  Michelson  and  Weinert,  2000). 

Studies  in  yeast  have  suggested  a  sequence  of  molec¬ 
ular  events  that  occur  following  formation  of  a  DSB  (re¬ 
viewed  in  Haber,  1998,  2000;  Paques  and  Haber,  1999; 
Sung  et  al.,  2000).  First,  the  5'  ends  of  DNA  that  flank 
the  break  are  resected  by  an  exonuclease.  Rad51  p,  a 
functional  homolog  of  the  E  coli  RecA  recombinase,  then 
binds  the  exposed  single-stranded  tails  forming  a  right- 
handed  helical  nucleoprotein  filament.  In  vitro,  Rad52p 
(Sung,  1997a)  and  a  Rad55p/Rad57p  heterodimer  (Sung, 
1997b)  can  promote  this  early  step  by  overcoming  the 
inhibitory  effects  of  the  heterotri meric  single-stranded 
DNA  binding  protein,  RPA.  The  Rad51p  nucleoprotein 
filament  is  then  believed  to  function  in  cooperation  with 
Rad54p  to  search  the  genome  for  a  homologous  pairing 
“partner  and  to  form  a  heteroduplex  “joint  molecule”  (Pet¬ 
ukhova  et  al.,  1998,  2000).  Joint  molecule  formation  is 
followed  by  extension  of  the  incoming  strand  by  DNA 
polymerases  and  branch  migration,  ultimately  leading 
to  restoration  of  the  genetic  information  spanning  the 
break  (reviewed  in  Paques  and  Haber,  1999). 

Much  less  is  known  about  how  Rad  proteins  function¬ 
ally  cooperate  during  DSB  repair  in  vivo.  Immunofluores¬ 
cence  studies  have  shown  that  Rad51p,  Rad52p,  and 
Rad54p  colocalize  to  “foci”  in  response  to  DNA  damage 
in  vivo  (Haaf  et  al.,  1995;  Tan  et  al.,  1999),  suggesting 
that  Rad  proteins  might  function  together  within  a  larger, 
multiprotein  complex.  Consistent  with  this  view,  coim- 
munoprecipitation  and  yeast  two-hybrid  assays  have 
shown  that  many  members  of  the  RAD52  group  can 
interact  with  each  other  (Golub  et  al.,  1997;  Hays  et  al., 
1995;  Johnson  and  Symington,  1 995;  Krejci  et  al.,  2001). 
In  contrast,  recent  studies  indicate  that  the  composition 
of  the  damage-induced  foci  are  dynamic,  and  photo- 
bleaching  studies  indicate  that  several  Rad  proteins 
J^ve  very  different  diffusion  coefficients,  suggesting  that 
they  may  not  exist  together  in  a  preassembled  protein 
complex  (Essers  et  al.,  2002). 

We  wished  to  dissect  how  Rad  proteins  are  recruited 
and  function  at  a  DSB  in  vivo.  Here  we  use  chromatin 
immunoprecipitation  (ChIP)  analyses  to  examine  the 
temporal  order  of  Rad  protein  recruitment  to  a  single, 
induced  DSB  in  yeast.  Our  results  suggest  a  sequential 
pathway,  where  Rad51  p  binds  first,  followed  by  Rad52p, 
Rad55p,  and  finally  Rad54p.  Each  of  these  Rad  proteins 
also  associates  with  the  homologous  donor  sequences 
during  strand  invasion.  We  further  examined  the  func¬ 
tional  interdependencies  among  these  proteins  by  per¬ 
forming  ChIP  analyses  in  each  single  rad  mutant.  These 
results  demonstrate  key  roles  for  Rad52p,  Rad55p,  and 
Rad54p  in  facilitating  the  formation  of  the  Rad51p  nu¬ 
cleoprotein  filament.  The  unexpected  requirement  for 
RAD54  during  this  early  step  in  HR  is  explained  by  its 
mediator  function  as  revealed  in  biochemical  experi¬ 
ments. 
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Results 

To  facilitate  analysis  of  Rad  protein  recruitment  to  a 
DSB  in  vivo,  we  generated  an  isogenic  set  of  yeast 
strains.  Each  strain  contains  a  GALIO-HO  fusion  gene 
that  provides  rapid  expression  of  the  HO  endonuclease 
when  cells  are  transferred  to  galactose  media.  Expres¬ 
sion  of  HO  leads  to  a  single  DSB  at  the  MAT  locus.  For 
chromatin  immunoprecipitation  analyses,  13Myc  epi¬ 
tope-tagged  alleles  of  Rad51p,  Rad54p,  Rad55p,  and 
Rfal  p  (the  70  kDa  subunit  of  RPA)  were  generated  by 
homologous  recombination  at  their  C-terminal,  genomic 
locations.  The  Rad54p-13Myc  and  Rad55p-13Myc  pro¬ 
teins  were  fully  functional  for  DNA  repair,  as  each  of 
these  epitope-tagged  alleles  fully  complemented  the 
MMS  sensitivity  characteristic  of  the  rad54h  and  rad55A 
null  mutants  at  30°C  (data  not  shown).  Likewise,  the 
Rfa1p-13Myc  allele  showed  no  growth  defects  or  MMS 
sensitivity  at  30°C  (data  not  shown).  The  RAD51-13Myc 
allele  exhibited  a  weak  MMS  sensitivity,  and  thus  key 
observations  made  with  this  strain  were  verified  using 
polyclonal  antibodies  to  Rad51  p  and  strains  that  lacked 
the  1 3Myc  epitope  tag.  Polyclonal  antibodies  to  Rad52p 
were  used  to  monitor  Rad52p  recruitment  in  each  strain. 

Sequential  Binding  of  RAD52  Group  Proteins 
in  Cells  that  Lack  Homologous  Donors 
First,  we  investigated  the  recruitment  of  Rad  proteins 
to  a  single  DSB  in  strains  that  lacked  homologous  donor 
sequences  [hmlA  hmrA).  In  such  strains  the  DSB  cannot 
be  repaired  efficiently,  and  we  anticipated  that  recruit¬ 
ment  events  might  be  more  easily  detected.  In  all  ChIP 
experiments,  strains  were  grown  at  30°C  in  YEP  media 
with  raffinose  as  the  sole  carbon  source  until  mid-log 
phase.  Galactose  was  then  added  in  order  to  induce 
expression  of  the  HO  endonuclease.  At  various  times 
after  galactose  addition,  cell  aliquots  were  removed  and 
treated  with  formaldehyde  to  induce  crosslinking  of  pro¬ 
teins  to  DNA,  and  samples  were  processed  for  chroma¬ 
tin  immunoprecipitation.  In  every  time  course,  samples 
were  also  analyzed  for  the  formation  of  a  DSB  at  the 
MAT  locus  using  a  PCR  assay  (Figure  1A,  upper).  Loss 
of  a  PCR  product  spanning  the  site  of  the  break  is  detect¬ 
able  as  early  as  10  min  after  galactose  induction  and 
proceeds  with  roughly  first-order  kinetics  until  the  reac¬ 
tion  reaches  completion  about  50  min  after  induction. 
Approximately  1 0%  of  the  original  signal  remains  at  this 
point  and  persists  for  as  long  as  4  hr  in  strains  that  lack 
homologous  donor  sequences  (data  not  shown).  These 
kinetics  were  highly  reproducible  and  taken  as  a  mea¬ 
sure  of  correct  DSB  formation  in  each  experiment.  Each 
time  point  in  the  chart  (Figure  1  A,  lower)  represents  the 
average  of  at  least  four  experiments. 

Figure  IB  shows  a  typical  ChIP  from  the  RAD51- 
13Myc  strain  that  lacks  homologous  donors,  using  either 
an  antibody  to  the  Myc  tag  or  a  polyclonal  antibody 
to  Rad52p.  Immunoprecipitated  DNA  was  analyzed  by 
PCR  for  the  presence  of  MAT  locus  DNA  from  both  sides 
of  the  induced  DSB.  The  MAT- Z  side  of  the  DSB  is  the 
normal  substrate  for  HR,  whereas  the  MAT- Y  side  of 
the  break  contains  mating-type  specific  DNA  sequences 
and  is  not  believed  to  participate  in  homology  searching. 


PCR  primers  specific  to  the  PH05  promoter  (which  is 
on  a  different  chromosome  from  MAT)  were  included 
as  a  control.  These  raw  data  were  quantified  and  the 
amounts  of  immunoprecipitated  DNA  were  divided  by 
the  input  amounts  resulting  in  a  “percent  IP”  value  at 
each  time  point.  Since  the  initial  percent  IP  for  each 
amplicon  was  different,  each  set  was  normalized  to  its 
time  zero  value  (relative  percent  IP),  and  these  data  are 
presented  in  Figure  1C.  Figure  ID  represents  averages 
of  several  long  time  courses. 

Rad51  p-1 3Myc  was  detected  at  both  sides  of  the  HO- 
induced  DSB  as  early  as  20  min  after  induction  of  HO 
expression  (Figure  IB).  At  this  time  roughly  45%  of  the 
cells  contain  a  DSB  at  MAT  (Figure  1  A).  Similar  results 
were  observed  when  polyclonal  antibodies  to  Rad51  p 
and  an  untagged  strain  were  used  in  the  analysis  (data 
not  shown).  In  contrast,  immunoprecipitation  of  Rad52p 
from  these  same  extracts  indicated  that  Rad52p  was 
not  detectable  until  40  min  after  galactose  addition, 
when  80%  of  the  cells  harbor  a  DSB  (Figure  1 B,  compare 
middle  and  bottom  panels).  Similar  kinetics  of  Rad52p 
recruitment  was  also  observed  in  strains  that  lack  a 
Myc-tagged  allele  of  Rad51  p  (for  example,  see  Figure 
1 D).  The  PH05  signals  seen  in  Figure  1 B  represent  back¬ 
ground,  genome-wide  binding  of  Rad  proteins.  These 
signals  were  not  observed  (nor  were  the  MAT- Y  or 
MAT- Z  signals)  when  a  mock  immunoprecipitation  was 
performed  without  antibody  or  when  anti-Myc  antibody 
was  used  with  an  untagged  strain  (data  not  shown),  in 
both  sets  of  immunoprecipitates,  the  relative  percent  IP 
of  the  PH05  promoter  remained  unchanged  (Figure  1 C, 
diamonds),  verifying  that  Rad51p-13Myc  and  Rad52p 
were  specifically  recruited  to  the  MAT  locus. 

While  recruitment  of  both  Rad51  p-1 3Myc  and  Rad52p 
appears  to  increase  in  a  linear  fashion  over  the  first  90 
min  (Figure  1C),  there  is  a  rapid  and  large  increase  in 
recruitment  detected  by  ChIP  between  90  and  120  min 
(Figure  ID).  At  these  time  points,  DSB  induction  has 
reached  Its' maximum,  but  in  strains  that  contain  the 
silent  mating-type  information,  homologous  recombina¬ 
tion  would  not  yet  be  completed  (Connolly  et  al.,  1988; 
White  and  Haber,  1 990).  We  also  observe  a  clear  polarity 
in  the  recruitment  of  these  proteins,  with  a  2-  to  3-fold 
preference  for  MAT- Z  (triangles)  over  MAT- Y  (squares) 
at  the  2  hr  time  point,  but  at  4  hr,  recruitment  to  both 
sides  is  nearly  equal. 

We  next  performed  ChIP  assays  using  donorless 
strains  harboring  either  a  Rad54p-13Myc  or  Rad55p- 
i  3Myc  allele.  A  typical  set  of  raw  data  is  shown  in  Figure 
2A  and  quantified  in  Figure  2B.  A  clear  increase  in 
Rad55p-1 3Myc  binding  (at  least  50%  over  background) 
is  detected  on  the  MAT- Z  side  of  the  DSB  as  early  as 
40  min  after  induction  (Figure  2B,  lower  panel,  triangles), 
while  comparable  binding  to  the  MAT- Y  side  of  the  DSB 
(squares)  is  not  detectable  until  the  60  min  time  point. 
On  the  longer  time  scale  (Figure  2C),  we  see  an  abrupt 
and  dramatic  increase  in  binding  of  Rad55p-1 3Myc  to 
both  sides  of  the  break  at  the  2  hr  time  point,  and  there 
is  aVoughiy  2-fold  preference  for  MAT- Z  (Figure  2C, 
lower  chart).  This  result  is  similar  to  the  recruitment 
seen  for  Rad51p-13Myc  and  Rad52p  (Figure  ID).  Since 
Rad55p  and  Rad57p  are  thought  to  form  a  heterodimer 
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Figure  1 .  Recruitment  of  Rad51  p-1 3Myc  and 
Rad52p  to  an  Induced  DSB  In  Vivo 

(A)  Double-strand  break  induction  kinetics. 
Galactose  (2%,  w/v)  was  added  to  cells  in 
mid-log  phase  in  order  to  induce  HO  endonu¬ 
clease  expression.  Genomic  DNA  was  puri¬ 
fied  at  various  time  points,  and  PCR  was  per¬ 
formed  using  primers  that  flank  the  HO  cut 
site  from  96  bp  CEN  proximal  of  the  HO  cut 
site  to  91  bp  CEN  distal.  Appearance  of  the 
DSB  is  detected  as  a  loss  of  PCR  product 
(labeled  DSB  in  the  upper  panel).  Primers 
specific  to  the  PH05  promoter  region  (Krebs 
et  al.,  2000)  were  included  in  the  PCR  as  a 
control.  DSB  bands  were  quantified  using  a 
phosphorimager  and  the  ImageQuant  soft¬ 
ware,  normalized  to  the  PH05  bands,  and 
plotted  as  the  percentage  of  starting  signal 
lost  (“%  Cut”).  The  chart  in  the  lower  panel 
represents  the  averages  of  at  least  four  ex¬ 
periments  per  time  point. 

(B)  Representative  gels  of  Chi P  assays  per¬ 
formed  using  the  same  extracts  as  in  (A).  This 
strain  lacked  homologous  donors  sequences 
and  harbored  a  13Myc-tagged  allele  of 
RAD51.  ChIPs  were  performed  as  described 
in  the  Experimental  Procedures.  “Input”  DNA 
represents  1  %  of  the  total  DNA  used  for  the 
immunoprecipitations.  DNA  purified  from  the 
immunoprecipitations  was  subjected  to  PCR 
using  primers  specific  to  the  PH05  promoter 
region,  as  well  as  the  MAT- Y  (from  78  bp  to 
361  bp  CEN  proximal  of  the  HO  cut  site)  and 
the  MAT-Z  (from  18  bp  to  257  bp  CEN  distal 
of  the  HO  cut  site)  regions  of  the  MAT  locus. 
Note  that  both  the  anti- Rad 51  p-1 3Myc  and 
anti-Rad52p  IPs  were  performed  using  the 
same  extracts. 

(C)  The  bands  in  (B)  were  quantified.  For  each 
locus,  the  amount  of  signal  in  the  IP  was  di¬ 
vided  by  the  amount  of  signal  in  the  corre¬ 
sponding  input  and  then  normalized  to  the 
time  zero  value  giving  a  “relative  %  IP.”  The 
results  from  the  anti-Rad51p-13Myc  IPs  are 
plotted  in  the  upper  chart  and  those  from  the 
anti-Rad52p  IP  in  the  lower  chart  (PH05,  dia¬ 
monds;  MAT- Y,  squares;  MAT-Z,  triangles). 
These  data  are  representative  of  at  least  three 
independent  short  time  course  experiments. 


(D)  Long  time  courses  of  anti-Rad51  p-13Myc  (upper)  and  anti-Rad52p  (lower)  ChIP  assays.  These  curves  represent  averages  of  three  experi¬ 
ments  for  Rad51  p-1 3Myc  and  five  experiments  for  Rad52p.  Error  bars  represent  one  standard  deviation  from  the  mean.  Data  obtained  for 
Rad51p  and  Rad51p-13Myc  using  a  polyclonal  anti-Rad51p  antibody  were  qualitatively  comparable  (data  not  shown).  Note  that  the  Rad52p 
ChIP  dataset  includes  experiments  from  untagged  Rad51  strains. 


in  vivo,  we  predict  that  the  kinetics  of  Rad57p  binding 
would  parallel  Rad55p-1 3Myc. 

The  time  course  for  Rad54p  binding  is  markedly  differ¬ 
ent  than  other  Rad  proteins.  We  see  no  detectable  bind¬ 
ing  of  Rad54p-13Myc  over  background  (i.e.,  the  PH05 
control)  until  90  min  after  galactose  addition.  There  is 
then  an  abrupt  increase  in  the  binding  of  Rad54p-1 3Myc 
between  90  min  and  2  hr  after  galactose  addition,  similar 
to  what  was  seen  for  RadSI  p-1 3Myc,  Rad52p,  and 
Rad55p-1 3Myc.  However,  in  the  case  of  Rad54p-1 3Myc, 
the  2  hr  time  point  does  not  represent  the  peak  level  of 
recruitment  (Figure  2C,  upper);  Rad54p-13Myc  binding 
continues  to  increase  over  the  next  2  hr  to  a  peak  at 
roughly  12-fold  over  baseline.  Rad54p  binding,  as  de¬ 


tected  by  ChIP,  also  shows  a  dramatic  preference  for 
MAT-Z ,  with  no  detectable  binding  to  MAT- Y. 

Recruitment  of  RAD52  Group  Proteins 
in  Switching-Competent  Strains 
The  results  of  the  ChIP  time  courses  in  strains  that  lack 
homologous  donors  suggest  a  temporal  sequence  of 
recruitment  events,  where  initial  recruitment  of  Rad51p 
appears  to  be  followed  by  Rad52p,  Rad55p,  and  Rad54p. 
To  investigate  whether  this  sequence  of  events  is  influ¬ 
enced  by  the  presence  of  homologous  donors,  we  per¬ 
formed  ChIP  assays  in  strains  that  harbored  an  intact 
HML  locus  that  serves  as  a  donor  for  repair  of  the  DSB 
at  MATa. 
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Figure  2.  Recruitment  of  Myc-Tagged  Rad54p 
and  Rad55p  to  an  Induced  DSB 

(A)  Representative  gels  of  PCR  products  from 
Rad54p-1 3Myc  (upper)  and  Rad55p-13Myc 
(lower)  ChIP  assays  in  strains  that  lack  homol¬ 
ogous  donor  sequences. 

(B)  The  bands  in  (A)  were  quantified  and  plot¬ 
ted  as  described  in  Figure  1  {PH05,  dia¬ 
monds;  MAT- Y,  squares;  MAT- Z,  triangles). 
These  data  are  representative  of  three  inde¬ 
pendent  time  courses  each. 

(C)  Long  time  courses  for  Rad54p-1 3Myc  (up¬ 
per)  and  Rad55p-13Myc  (lower)  ChIP  assays. 
These  curves  represent  the  averages  of  three 
experiments  each.  Error  bars  represent  one 
standard  deviation  from  the  mean. 


Figure  3A  shows  typical  PCR  assays  that  monitor  the 
kinetics  of  DSB  formation  and  of  invasion  of  the  MAT 
recipient  strand  into  the  repair  donor  site  (HMLa).  The 
schematic  represents  the  postsynaptic  complex  and  il¬ 
lustrates  the  design  of  PCR  primers  used  in  these  experi¬ 
ments.  Note  that  the  “strand  invasion”  PCR  product 
cannot  be  detected  until  the  incoming,  recipient  strand 
is  extended  at  least  30  bp  into  the  Ya  sequences  at 
HML  (White  and  Haber,  1990).  We  also  note  that  break 
induction  kinetics  in  these  strains  are  virtually  identical 
to  what  was  seen  in  the  donorless  strains  used  above 
(Figure  1A). 

ChIP  time  courses  were  performed  in  MATa  HMLa 
strains  that  harbored  either  a  Rad54-1 3Myc  or  a  Rad55- 
13Myc  allele.  We  then  used  polyclonal  anti-Rad51p  or 
anti-Rad52p  antibodies  to  detect  the  binding  of  these 
proteins  at  both  MAT- Z  and  HMLa  (Figure  3B).  In  these 
experiments  the  ENA1  UAS  was  used  as  a  specificity 
control.  As  in  the  experiments  with  the  donorless  strain, 


Rad51  p  is  detectable  at  MAT- Z  within  20  min  after  break 
induction  (Figures  3B  and  3C).  Interestingly,  in  these 
same  extracts,  Rad52p  is  also  detectable  at  MAT- Z  by 
the  20  min  time  point.  These  experiments  were  repeated 
three  times  with  similar  results  (data  not  shown).  Binding 
of  Rad51  p  and  Rad52p  is  roughly  linear  for  the  first  90 
min,  and  binding  at  MAT-7,  precedes  recruitment  to 
HML,  as  expected. 

We  also  followed  the  recruitment  of  Rad54p  and 
Rad55p  in  these  extracts,  using  antibodies  to  their 
13Myc  epitope  tags.  Rad55p-13Myc  is  detectable  at 
MAT- Z  at  20  min  following  DSB  formation,  and  recruit¬ 
ment  to  HML  is  detected  subsequently.  In  contrast, 
Rad54p-1 3Myc  is  first  detected  simultaneously  at  both 
MAT- Z  and  HML  at  the  40  min  time  point.  Thus,  although 
the  kinetics  of  Rad  protein  binding  is  noticeably  faster 
in  the  switching  strains,  much  of  the  timing  aspects  are 
preserved.  Rad51  p,  Rad52p,  and  Rad55p  each  appear 
to  bind  at  MAT- Z  before  Rad54p.  Once  Rad54p  is  de- 
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Figure  3.  Recruitment  of  Rad  Proteins  in  Switching  Strains 

ChIP  experiments  were  performed  exactly  as  in  Figure  1  but  using  strains  that  contain  homologous  donor  sequences  (silent  mating-type  loci). 
In  order  to  assure  only  one  round  of  switching,  HO  expression  was  repressed  after  30  min  by  addition  of  glucose  (2%  w/v)  to  the  medium. 

(A)  Kinetics  of  DSB  formation  and  strand  invasion.  The  formation  of  the  synaptic  complex  is  illustrated  in  the  schematic,  and  the  locations  of 
the  primers  used  in  these  assays  are  shown.  The  "strand  invasion"  product  is  not  detectable  until  the  incoming  strand  is  extended  at  least 
30  bp  into  the  Ya-specific  region  of  HML.  PCR  products  are  labeled  as:  DSB,  from  192  bp  upstream  to  428  bp  downstream  of  the  HO  cut 
site;  Strand  Invasion,  from  30  bp  upstream  of  the  HO  recognition  site  in  HML  to  428  bp  downstream  of  the  HO  site  in  MAT;  Actl ,  254  bp  of 
the  ACT1  ORF. 

(B)  Representative  ChIP  experiment  using  polyclonal  antibodies  to  Rad51p  and  Rad52p.  PCR  products:  MAT-Z,  from  18  bp  to  428  bp 
downstream  of  the  HO  site;  HMLa,  from  257  bp  upstream  of  the  HO  recognition  site  at  HML  to  10  bp  downstream.  ENA1,  290  bp  of  the  ENA1 
UAS  on  chromosome  4. 

(C)  Raw  data  from  (B)  were  quantified,  and  relative  percent  IP  was  normalized  to  the  percent  IP  of  the  ENA1  UAS  to  control  for  immunoprecipita- 
tion  efficiency  as  described  in  Experimental  Procedures.  These  results  are  representative  of  three  trials  each. 

(D)  Representative  data  from  ChIP  experiments  using  anti-myc  antibodies  and  extracts  from  strains  harboring  either  a  1 3Myc-tagged  RAD54 
or  13Myc-tagged  RAD55  allele.  Data  were  quantified  as  in  (C)  and  are  representative  of  two  experiments  each. 
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Figure  4.  ChIP  Assays  in  rad  Mutant  Strains 

(A)  Each  chip  assay  was  repeated  at  least 
twice  in  a  strain  harboring  a  complete  dele¬ 
tion  of  one  of  the  RAD52  group  genes.  Rela¬ 
tive  percent  IPs  were  calculated  as  in 
Figure  1 .  Only  the  results  of  MAT-Z  PCRs 
(as  in  Figures  1  and  2)  are  shown.  Wild-type 
curves  (diamonds)  are  identical  to  those 
shown  in  Figures  1 D  and  2C.  Deletion  mutants 
used  were:  rad51  A,  squares;  rad52A,  triangles; 
rad54A,  circles;  rad 55 A,  crosses.  Curves  from 
these  mutants  are  representative  of  at  least  two 
experiments  each  and  are  not  normalized  to 
an  internal  control. 

(B)  ChIP  assays  performed  with  switching 
strains.  Rad51  p  was  immunoprecipitated  using 
a  polyclonal  antibody  and  extracts  from  either 
RAD54  or  rad54A  strains.  {MAT-Z,  diamonds; 
HMLa,  squares).  These  curves  are  represen¬ 
tative  of  three  experiments  each  and  are  nor¬ 
malized  to  the  ENA1  UAS  control. 
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tected  at  MAT-Z ,  all  four  proteins  can  be  crosslinked  at 
HML,  and  shortly  thereafter  strand  invasion  and  exten¬ 
sion  are  detected. 

Functional  Interactions  among  RAD52  Group  Proteins 
In  the  absence  of  homologous  donors,  the  ChIP  studies 
are  consistent  with  a  sequential  pathway  for  recruitment 
of  RAD52  group  proteins  to  a  DSB  in  which  Rad51p 
binds  first,  followed  by  Rad52p,  Rad55p,  and  finally 
Rad54p.  However,  this  simple  model  is  not  fully  consis¬ 
tent  with  biochemical  studies  that  have  suggested  key 
roles  for  Rad52p  and  Rad55p/57p  in  mediating  the  for¬ 
mation  of  the  Rad51  p  filament.  One  possibility  is  that 


the  ChIP  assay  only  monitors  stable  binding  of  Rad 
proteins,  and  such  “mediator”  roles  for  Rad52p  and 
Rad55p  are  not  detectable.  To  test  this  idea,  we  moni¬ 
tored  recruitment  of  RAD52  group  proteins  in  each  rad 
mutant  strain.  Each  strain  lacked  homologous  donors 
and  was  tested  at  least  twice,  and  representative  sets 
of  data  are  shown  in  Figure  4A. 

The  functional  interdependencies  elucidated  by  ChIP 
correlate  with  both  the  sequential  pathway  as  well  as 
with  previous  in  vitro  data.  For  example,  Rad51  p-1 3Myc 
binding  is  severely  impaired  in  a  rad52A  background 
(Figure  4A,  upper  left,  triangles),  consistent  with  bio¬ 
chemical  studies  indicating  a  requirement  for  Rad52p 
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Figures.  Rad54  Possesses  a  Mediator 
Function 

(A)  Effect  of  order  of  addition  of  reaction  com¬ 
ponents  on  D  loop  formation.  Presynaptic  fil¬ 
aments  were  formed  with  or  without  Rad54p 
as  described  in  Experimental  Procedures. 
Rad54p  was  added  in  the  initial  incubation  or 
after  addition  of  ssDNA  as  indicated  above 
the  panels.  The  locations  of  DNA  reactants 
and  reaction  products  are  indicated. 

(B)  Graphical  representation  of  the  results  in 
(A).  (Results  from  [Al],  triangles;  results  from 
[All],  circles). 

(C)  Rad54p  (0.05-0.7  jiM)  was  either  added 
with  RadSI  p  and  RPA  to  the  ssDNA  template 
(open  squares,  6  min  time  point;  closed 
squares,  9  min  time  point)  or  added  after  a 
preincubation  of  the  ssDNA  template  with 
RadSI  p  and  RPA  (open  circles,  6  min  time 
point;  closed  circles,  9  min  time  point)  as  de¬ 
scribed  in  (A). 


as  a  mediator.  Inactivation  of  RAD55  also  decreases  the 
recruitment  of  RadSI  p  (Figure  4A,  upper  left,  crosses), 
although  to  a  lesser  extent  than  disruption  of  RAD52. 
The  weaker  effect  of  the  rad55A  mutant  is  consistent 
with  previous  studies  indicating  that  this  mutant  has 
only  a  weak  MMS  sensitivity  and  only  a  partial  defect 
in  RadSI  p  focus  formation  and  mating-type  switching  at 
30°C  (Gasior  et  al.,  2001 ;  Schmuckli-Maurer  and  Heyer, 
1 999).  Similarly,  recruitment  of  Rad52p  requires  RadSI  p, 
but  not  Rad55p  (Figure  4A,  upper  right).  Binding  of 
Rad55p-1 3Myc  requires  RadSI  p  and  Rad52p  but  not 
Rad54p,  which  normally  arrives  at  the  DSB  after  Rad55p 
(Figure  4A,  lower  left).  Rad54p-13Myc  is  the  last  protein 
to  be  recruited  to  the  DSB,  and  its  binding  requires  all 
other  Rad  proteins  (Figure  4A,  lower  right  panel). 

We  were  surprised  to  find  that  deletion  of  RAD54 
nearly  eliminates  recruitment  of  RadSI  p-13Myc  (Figure 
4A,  upper  left,  circles).  This  suggests  that  Rad54p  may 
also  be  a  mediator  of  RadSI  nucleoprotein  filament  for¬ 
mation.  Similar  defects  were  also  observed  when  a  poly¬ 
clonal  antibody  to  Rad51p  was  used  in  ChIP  analyses 
with  a  rad54  mutant  and  an  untagged  allele  of  RadSI  p 
(data  not  shown).  Rad54p  is  also  required  for  optimal 
Rad52p  recruitment  (Figure  4A,  upper  right,  circles),  al¬ 
though  whether  this  effect  is  on  Rad52p  itself  or  indi¬ 
rectly  through  the  Rad51p  binding  defect  cannot  be 
determined  from  these  data. 

In  order  to  ensure  that  the  mediator  role  for  Rad54p 
is  a  general  property  and  not  due  to  the  lack  of  homolo¬ 
gous  donors,  we  repeated  the  experiment  using  switch¬ 
ing  strains  that  contain  either  a  wild-type  RAD54  allele 
or  a  rad54  deletion.  As  we  observed  in  donorless  strains, 
Rad54p  is  strictly  required  for  recruitment  of  RadSI  p  to 
MAT- Z  and  HML  (Figure  4B).  In  addition,  strains  harbor¬ 
ing  rad54A  failed  to  produce  a  “strand  invasion”  product 
(data  not  shown),  consistent  with  a  role  for  Rad54p  in 
formation  of  the  presynaptic  complex. 

Rad54p  Has  a  Presynaptic  Mediator  Function 
Recently,  Mazin  and  colleagues  (2003)  reported  that 
Rad54p  can  stabilize  a  RadSI  p-ssDNA  filament,  sug¬ 
gesting  that  Rad54p  may  act  in  the  latter  stages  of  the 
presynaptic  phase.  In  addition,  our  ChIP  analyses  sug¬ 


gest  that  Rad54p  may  act  as  a  mediator  for  facilitating 
the  actual  assembly  of  the  RadSI  nucleoprotein  fila¬ 
ment.  We  tested  this  hypothesis  further  by  performing 
in  vitro  strand  exchange  and  ssDNA  binding  assays  pre¬ 
viously  devised  to  test  the  effects  of  various  recombina¬ 
tion  mediator  proteins  on  the  efficiency  of  Rad51  p  pre¬ 
synaptic  filament  assembly.  In  one  such  scheme,  a 
circular  ssDNA  template  is  incubated  with  a  mixture  of 
RadSI  p  and  RPA.  Due  to  competition  between  RPA  and 
RadSI  p  for  binding  sites  on  the  template  (Sung,  1997a), 
little  homologous  pairing  or  D  loop  formation  with  a 
linear  duplex  is  seen  (Figure  5AI).  When  Rad54p  was 
coincubated  with  Rad51  p  and  RPA,  a  much  higher  level 
of  D  loop  formation  was  seen  (Figure  5AII).  Specifically, 
whereas  only  3%  of  the  D  loop  was  seen  at  the  reaction 
endpoint  of  6  min  when  Rad54p  was  omitted  during 
preincubation,  the  level  of  D  loop  increases  to  ~35% 
when  Rad54p  was  included  in  the  preincubation  (Figures 
5A  and  SB). 

We  examined  the  competition  of  RPA  with  RadSI  p 
for  binding  to  <j>X  ssDNA  immobilized  on  magnetic 
beads  via  a  streptavidin-biotin  linkage  (see  schematic 
in  Figure  6A).  Addition  of  an  equimolar  amount  of  RPA 
(2.2  to  RadSI  p  (2.3  p,M)  reduced  the  level  of  RadSI  p 
that  remained  with  the  ssDNA  to  <10%  of  that  seen  in 
the  absence  of  RPA  (Figure  6BI,  compare  lanes  1  and 
6,  and  Figure  6BIII).  These  results  verified  that  RPA  ex¬ 
cludes  RadSI  p  from  ssDNA.  By  contrast,  RPA  (up  to 
2.2  jxM)  did  not  result  in  significant  exclusion  of  Rad54p 
(0.8  ^M)  from  the  ssDNA  (Figures  6BII  and  6BIII).  At 
Rad54p  concentrations  higher  and  lower  than  that  used 
in  Figure  6BII,  we  also  did  not  observe  significant  exclu¬ 
sion  of  this  factor  from  ssDNA  by  RPA  (data  not  shown). 
These  results  and  others  (S.V.K.  and  P.S.,  unpublished 
data)  suggest  that  Rad54p  has  high  avidity  for  ssDNA. 

We  next  questioned  whether  Rad54p  could  help  over¬ 
come  the  effect  of  RPA  on  the  binding  of  Rad51p  to 
the  ssDNA  template.  Indeed,  substantially  more  Rad51p 
was  found  associated  with  the  ssDNA  template  upon  the 
inclusion  of  Rad54p  (Figure  6C).  Furthermore,  amounts  of 
Rad54p  substoichiometric  to  that  of  RadSI  p  promoted 
significant  restoration  of  RadSI  p  binding  to  the  ssDNA. 
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Figure  6.  Rad54  Promotes  Nucleation  of  Rad51  onto  ssDNA 

(A)  (Al)  shows  the  schematic  for  examining  the  contents  of  the  presynaptic  protein  complexes  formed  on  immobilized  DNA  templates.  The 
magnetic  beads  preloaded  with  the  F1b/<£X  hybrid  were  used  to  bind  Rad51p,  Rad54p,  and  RPA,  or  combinations  of  these  proteins.  (All) 
DNA-bound  proteins  were  stripped  from  the  magnetic  beads  with  SDS  and  analyzed  by  electrophoresis  in  a  10%  SDS-PAGE  gel  and  staining 
with  Coomassie  blue.  Only  the  Rfal  p  subunit  of  the  heterotrimeric  RPA  is  shown. 

(B)  (Bl)  Rad51  p  (2.3  jiM)  and  increasing  concentrations  of  RPA  (0.3,  0.8, 1.2, 1.7,  and  2.2  p,M  in  lanes  2-6,  respectively)  were  mixed  with  the 
immobilized  <f>X  (+)  strand.  (Bll)  Rad54p  (0.8  jiM)  and  increasing  concentrations  of  RPA  (0.3,  0.8, 1.7,  and  2.2  in  lanes  2-5,  respectively) 
were  mixed  with  the  immobilized  <f>X  (+)  strand  DNA.  Proteins  were  eluted  from  the  magnetic  beads  and  analyzed  as  described  in  (A).  The 
results  from  (Bl)  and  (Bll)  are  graphed  in  (Bill). 

(C)  (Cl)  Rad51  p  (2.3  jjlM),  RPA  (1 .7  p,M),  and  increasing  concentrations  of  Rad54p  (0.1 5,  0.35,  0.6,  and  0.8  in  lanes  3-6,  respectively)  were 
mixed  with  immobilized  <f>X  (+)  strand  DNA.  Proteins  were  eluted  from  the  magnetic  beads  and  analyzed  as  in  (A).  The  results  in  (Cl)  are 
graphed  in  (Cll). 

(D)  Diagrammatic  summary  of  the  results.  Rad51  p  forms  a  nucleoprotein-filament  on  ssDNA  (Di)  but  is  excluded  from  the  ssDNA  template  by 
RPA  (Dii).  Binding  of  Rad54p  to  the  ssDNA  is  much  less  prone  to  competition  by  RPA  (Diii).  Coincubation  of  Rad51p  and  Rad54p  results  in 
targeting  of  the  former  to  the  ssDNA  template  (Div). 


Binding  of  RPA  Is  RAD54  Independent 
From  the  in  vitro  data  above,  we  predicted  that  the  in 
vivo  recruitment  of  RPA  to  a  DSB  would  be  independent 
of  Rad54p.  To  investigate  this  possibility,  we  created 
RAD54  and  rad54 A  strains  that  each  contained  a  1 3Myc- 
tagged  allele  oiRFAl ,  which  encodes  the  70  kDa  subunit 
of  RPA.  Figure  7  shows  a  representative  ChIP  time 
course  that  follows  the  temporal  recruitment  of  Rfal- 
13Myc  to  an  HO-induced  DSB.  We  find  that  RPA  is 
recruited  to  both  sides  of  the  break,  with  initial  binding 
being  detectable  over  background  at  the  45  min  time 
point  (Figure  7B).  Thus,  in  these  donorless  strains,  Rfal  p 
recruitment  appears  to  be  slightly  later  that  Rad51  p  and 
similar  to  the  kinetics  of  Rad52p  (Figure  1C).  In  contrast 
to  Rad51  p  and  Rad52p,  recruitment  of  RPA  does  not 
require  RAD54  (Figure  7B). 


Discussion 

Ordered  Recruitment  of  RAD  Proteins  to  a  DSB 
Several  studies  have  demonstrated  physical  and  func¬ 
tional  interactions  among  various  members  of  the 
RAD52  epistasis  group  (Golub  et  a!.,  1997;  Hays  et  al., 
1995;  Johnson  and  Symington,  1995;  Krejci  et  al.,  2001). 
One  interpretation  is  that  multiple  members  of  this  group 
exist  within  a  cell  as  a  preassembled,  multiprotein  com¬ 
plex  that  can  be  recruited  in  a  single  step  to  a  DSB  (the 
“recombinosome”  model).  Alternatively,  Rad  proteins 
could  assemble  in  a  step-wise  fashion  to  facilitate  ho¬ 
mologous  recombination.  Here  we  used  chromatin  im- 
munoprecipitations  to  follow  the  assembly  of  Rad51  p, 
Rad52p,  Rad54p,  and  Rad55p  at  a  unique  DNA  double¬ 
strand  break  in  yeast  cells.  Whereas  the  simple  recombi- 
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Figure  7.  Recruitment  of  Rfal  p  to  a  DSB 

(A)  Representative  data  from  an  Rfal  p-1 3Myc 
ChIP  experiment  using  RAD54  or  rad54A 
strains  that  lacked  homologous  donors.  Simi¬ 
lar  results  were  observed  in  three  indepen¬ 
dent  experiments.  PCR  products  are  as  in 
Figure  1 . 

(B)  The  raw  data  in  (A)  were  quantified  and 
plotted  as  described  for  Figure  1  {PH05,  dia¬ 
monds;  MAT- Z,  triangles). 


nosome  model  predicts  that  each  Rad  protein  would  be 
recruited  to  a  DSB  with  the  same  kinetics,  our  data  in 
donorless  strains  support  a  stepwise,  temporally  dis¬ 
tinct  pathway  for  the  assembly  of  Rad  proteins  at  the 
DSB.  Specifically,  RadSIp  appears  to  arrive  soon  after 
DSB  formation,  followed  by  Rad52p,  Rad55p,  and  finally 
Rad54p.  In  strains  that  can  repair  the  break,  RadSIp, 
Rad52p,  and  Rad55p  are  recruited  to  the  DSB  quickly, 
but  Rad54p  is  detected  later.  Thus  in  both  cases,  there 
are  at  least  two  temporally  distinct  steps  of  Rad  protein 
recruitment  required  to  form  a  functional  presynaptic 
complex. 

Our  data  indicate  that  Rad51  p  recruitment  is  impaired 
in  rad52A ,  rad54A ,  or  rad55A  mutant  strains.  For  in¬ 
stance,  the  rate  and  extent  of  Rad51  p  recruitment  to 
the  HO-induced  DSB  is  dramatically  reduced  in  the  ab¬ 
sence  of  Rad54p,  even  though  Rad54p  was  not  detect¬ 
able  by  ChIP  until  70  min  after  the  initial  binding  of 
Rad51  p  in  a  donorless  strain.  These  results  suggest  a 
level  of  interdependence  among  Rad  proteins  that  is 
not  entirely  consistent  with  a  simple  stepwise  assembly 
pathway.  The  steady-state  levels  of  Rad51  p-1 3Myc  and 
untagged  Rad51  p  are  not  altered  in  rad  strains,  which 
eliminates  this  trivial  explanation  (B.W.,  unpublished 
data).  Rad52p,  Rad55p,  and  Rad54p  are  all  known  to 
physically  interact  with  Rad51  p,  and  each  of  these  pro¬ 
teins  can  facilitate  assembly  of  the  RadSIp  nucleopro- 
tein  filament  in  vitro  (Fortin  and  Symington,  2002;  Sungi 
1997a,  1997b;  see  Figure  4).  In  addition,  our  results  indi¬ 
cate  that  substoichiometric  amounts  of  Rad54p  are  opti¬ 
mal  for  D  loop  formation  (1  to  10  ratio  of  Rad54p  to 
Rad51  p;  see  Figure  5C).  This  is  similar  to  the  result  seen 
previously  for  Rad52p  in  strand  exchange  reactions 
(Song  and  Sung,  2000).  These  results  taken  together 
suggest  that  Rad54p  and  Rad52p  may  only  transiently 
interact  with  the  Rad51  nucleoprotein  filament.  Such 


transient  interactions  likely  mediate  enhanced  assembly 
and  stability  of  the  RadSIp  nucleoprotein  filament.  In 
this  model,  only  the  stable  binding  of  Rad52p,  Rad54p, 
and  Rad55p  is  detectable  by  ChIP,  reflecting  the  assem¬ 
bly  of  a  nucleoprotein  filament  competent  for  strand 
invasion.  Consistent  with  this  model  are  recent  cytologi- 
pal  studies  in  mammalian  cells  which  indicate  that  dam- 
age-induced  nuclear  foci  have  static  levels  of  RadSIp, 
but  that  Rad52p  and  Rad54p  are  dynamic,  rapidly  enter¬ 
ing  and  leaving  the  RadSI  p-containing  nuclear  foci  over 
time  (Essers  et  al.,  2002). 

Asymmetry  in  Rad  Protein  Recruitment 
In  yeast  strains  that  harbor  the  silent  mating-type  loci, 
HMLa  and  HMRa,  the  HO-induced  double-strand  break 
at  MAT  leads  to  a  highly  efficient  gene  conversion  event 
in  which  ~700  bp  of  a-  or  a-specific  sequences  are 
replaced  by  those  of  the  opposite  mating-type  (reviewed 
in  Haber,  1998).  The  HO  cut  site  is  located  just  down¬ 
stream  of  the  mating  type-specific  sequences  and  just 
upstream  of  a  region  of  homology  (called  Z1)  that  is 
found  at  both  the  MAT  and  silent  mating-type  loci.  Dur¬ 
ing  normal  mating-type  switching,  only  the  downstream, 
Z1  side  of  the  DSB  participates  in  homology  searching 
and  strand  invasion,  which  provides  an  opportunity  for 
a  switch  in  mating-type  information.  In  our  ChIP  analy¬ 
ses,  we  found  that  each  Rad  protein  was  also  preferen¬ 
tially  recruited  to  the  downstream  (MAT- Z)  side  of  the 
HO-induced  DSB.  This  preference  is  most  obvious  for 
Rad54p,  which  can  only  be  detected  by  ChIP  at  the 
downstream,  MAT- Z  side  of  the  DSB  (Figure  2).  Previous 
studies  have  suggested  that  the  recombinational  inac¬ 
tivity  of  the  upstream  side  of  the  HO-induced  DSB  is 
due  at  least  in  part  to  decreased  5'  to  3'  exonucleotytic 
digestion,  which  is  required  for  formation  of  a  presynap¬ 
tic  complex  (White  and  Haber,  1990).  It  is  currently  not 
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clear  if  such  a  defect  in  resection  is  sufficient  to  account 
for  the  observed  asymmetries  in  Rad  protein  recruitment 
as  detected  by  ChIP. 

Multiple  Roles  for  Rad54p 
in  Homologous  Recombination 
Rad54p  is  a  member  of  the  SWI2/SNF2  family  of  DNA- 
stimulated  ATPases  and  DNA  helicases  (Eisen  et  al., 
1995).  Several  members  of  this  ATPase  family  use  the 
energy  of  ATP  hydrolysis  to  disrupt  chromatin  structure, 
and  thus  it  has  been  suggested  that  Rad54p  might  facili¬ 
tate  repair  of  DSBs  by  contending  with  chromatin  (Pe¬ 
terson,  1996).  This  hypothesis  is  supported  by  in  vivo 
studies  suggesting  that  the  requirement  for  Rad54p 
function  in  the  repair  of  DSBs  is  sensitive  to  chromo¬ 
somal  context  (Sugawara  et  al.,  1995).  Likewise,  our  lab 
and  others  have  recently  found  that  Rad54p  has  bona 
fide  chromatin  remodeling  activity  in  vitro  and  that  this 
activity  is  essential  for  DNA  strand  invasion  reactions 
in  which  chromatin  substrates  are  used  (Alexeev  et  al., 
2003;  Alexiadis  and  Kadonaga,  2002;  Jaskelioff  et  al., 
2003).  However,  it  is  clear  that  Rad54p  also  plays  essen¬ 
tial  roles  during  HR  that  are  unrelated  to  chromatin  struc¬ 
ture.  In  vitro,  the  ATPase  activity  of  Rad54p  plays  an 
essential  role  in  formation  of  DNA  joint  molecules  even 
with  naked  DNA  substrates.  In  fact,  these  in  vitro  studies 
led  to  the  suggestion  that  Rad54p  may  be  required  for 
homologous  pairing  but  not  for  presynaptic  filament  for¬ 
mation  (Mazin  et  al.,  2000;  Solinger  et  al.,  2001).  Re¬ 
cently,  Heyer  and  colleagues  have  also  shown  that 
Rad54p  can  promote  the  dissociation  of  RadSIp  from 
the  postsynaptic  complex  (Solinger  et  al.,  2002).  Thus, 
most  in  vitro  studies  have  tended  to  focus  on  roles  for 
Rad54p  after  formation  of  the  presynaptic  complex. 

In  contrast,  our  in  vivo  and  in  vitro  studies  provide 
compelling  evidence  for  a  key  role  of  Rad54p  in  mediat¬ 
ing  formation  of  the  Rad51  presynaptic  filament  (sum¬ 
marized  in  Figure  6D).  Previous  studies  have  shown  that 
Rad54p  physically  interacts  with  Rad51  p  (Clever  et  al., 
1997;  Golub  et  al.,  1997;  Jiang  et  al.,  1996;  Petukhova 
et  al.,  1998),  and  our  present  study  has  indicated  that 
Rad54p  binds  ssDNA  avidly.  Rad54p  thus  resembles 
Rad52p  and  the  Rad55p/Rad57p  heterodimer  in  being 
able  to  interact  with  Rad51  p  and  in  possessing  a  ssDNA 
binding  function  (reviewed  in  Sung  et  al.,  2000).  Coaddi¬ 
tion  of  RPA  with  Rad51  p  in  the  presynaptic  phase  results 
in  a  marked  reduction  in  homologous  DNA  pairing  and 
strand  exchange  efficiency  (Sung,  1997a),  due  to  the 
exclusion  of  RadSIp  from  the  ssDNA  template  (Sugiy- 
ama  et  al.,  1 997;  Sung,  1 997a).  Addition  of  either  Rad52p 
(New  et  al.,  1998;  Shinohara  et  al.,  1997;  Sung,  1997a) 
or  the  Rad55p/Rad57p  complex  (Sung,  1997b)  helps 
alleviate  this  inhibitory  effect  of  RPA.  Likewise,  we  have 
shown  here  that  coaddition  of  RPA  with  Rad51  p  to  the 
circular  ssDNA  template  results  in  pronounced  suppres¬ 
sion  of  D  loop  formation  and  decreased  binding  of 
Rad51p  to  the  template.  Importantly,  the  addition  of 
Rad54p  during  the  formation  of  the  presynaptic  complex 
restores  D  loop  formation.  Furthermore,  we  have  shown 
that  Rad54p  helps  to  nucleate  Rad51  p  onto  the  ssDNA 
template  in  vitro  and  in  vivo,  while  binding  of  RPA  is 
independent  of  Rad54p  both  in  vitro  and  in  vivo.  Thus, 
our  studies  support  an  early  role  for  Rad54p  in  enhanc¬ 


ing  the  formation  and  stability  of  the  Rad51  p  nucleopro- 
tein  filament. 

Our  biochemical  and  ChIP  data  are  also  in  agreement 
with  cytological  observations  of  Tan  and  colleagues  (Tan 
et  al.,  1999).  These  investigators  found  that  mRad51  and 
mRad54  colocalize  to  the  same  nuclear  foci  in  mouse 
embryonic  stem  (ES)  cells  after  treatment  with  ionizing 
radiation.  Furthermore,  the  assembly  of  the  mRad51 
nuclear  foci  were  greatly  diminished  in  isogenic  ES  cell 
lines  deleted  for  the  mRad54  protein,  indicating  that 
mRad54  is  important  for  the  delivery  of  mRad51  to  the 
sites  of  DNA  damage.  Likewise,  Shinohara  and  col¬ 
leagues  (Shinohara  et  al.,  1997)  have  demonstrated  that 
a  Rad54p  homolog,  Rdh54p,  is  required  for  formation 
of  Rad51  p/Dmcl  p  foci  during  yeast  meiosis.  Taken  to¬ 
gether,  these  results  suggest  that  Rad54p  plays  key 
roles  during  formation  of  the  presynaptic  complex  and 
during  the  process  of  DNA  homology  searching  and  joint 
molecule  formation.  In  the  latter  case,  Rad54p  may  serve 
both  as  a  general  facilitator  of  Rad51  p  function  as  well 
as  a  chromatin-remodeling  factor  that  overcomes  the 
constraints  on  HR  imposed  by  chromatin  structure. 

Experimental  Procedures 

Yeast  Strains 

All  strains  used  in  this  study  are  isogenic  to  strain  JKM1 79  that  has 
the  relevant  genotype  of  A/jo  Ahml::ADE1  MATa  A/i mr::ADE1  adel- 
110  teu2, 3-112  Iys5  trpIr.hisG  ura3-52  ade3::GAL10:HO.  All  strains 
are  MATa  except  for  YSL53,  which  carries  the  rad55::LEU2  knockout 
and  is  MATa.  The  "switching"  strains  are  based  on  JKM1 54,  which 
is  isogenic  to  JKM1 79  except  that  it  is  MATa  HMLa  HMRa.  All  strains 
are  based  on  the  JKM  series  described  by  Moore  and  Haber  (1 996). 

Epitope  Tagging 

Epitope  tagging  involved  a  PCR  strategy  using  plasmid  templates 
(Bahler  et  al.,  1998).  These  plasmids  carry  13  copies  of  the  c-Myc 
epitope  followed  by  a  translation  stop  codon  in  tandem  with  the 
Kan-MX6  gene  that  confers  resistance  to  the  drug  G418.  Gene- 
specific  recombination  replaces  the  native  stop  codon  with  the  epi¬ 
tope  sequence,  in  frame,  followed  by  a  new  stop  codon  and  the 
KanMX6  gene.  Recombinants  were  selected  by  plating  on  YEPD 
plates  containing  250  ^g/ml  G418  and  verified  by  patching  on  a 
second  YEPD+G41 8  plate.  Proper  integration  of  the  targeting  vector 
was  verified  by  genomic  PCR,  and  expression  of  the  tagged  protein 
was  verified  by  Western  blotting. 

Recombination  Proteins 

Rad51  and  Rad54  proteins  were  overexpressed  in  yeast  cells  and 
purified  to  near  homogeneity  as  described  previously  (Petukhova 
et  al.,  1998;  Sung,  1994).  RPA  was  overexpressed  in  yeast  using 
three  plasmids  that  code  for  the  three  subunits  of  RPA  (Nakagawa 
et  a!.,  2001)  and  purified  to  near  homogeneity  as  described  (Sung, 
1997b). 

DNA  Substrates 

The  <£X174  (+)  strand  and  replicative  form  I  DNA  were  purchased 
from  New  England  Biolabs  and  GIBCO-BRL,  respectively.  Lineariza¬ 
tion  of  the  viral  (+)  strand  was  done  by  hybridizing  a  26-mer  oligonu¬ 
cleotide  to  create  a  Pstl  site,  followed  by  treatment  with  Pstl  (Petuk¬ 
hova  et  al.,  1998). 

Chromatin  Immunoprecipitation 

For  ChIP  assays,  asynchronous  cultures  were  grown  at  30°C  in  YEP 
media  containing  2%  (w/v)  raffinose  as  the  sole  carbon  source. 
Under  these  conditions,  HO  is  not  expressed.  When  cultures  had 
reached  mid-log  phase,  HO  expression  was  induced  by  the  addition 
of  galactose  (2%  w/v  final).  At  various  times  after  the  addition  of 
galactose,  5  ml  samples  of  culture  were  taken,  and  the  optical  den¬ 
sity  at  600  nm  was  measured.  The  samples  were  cross-linked  with 
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1  %  formaldehyde  at  room  temperature  for  1 5  min,  after  which  the 
reaction  was  quenched  by  incubation  in  ice  water.  Extracts  were 
prepared  and  processed  for  chromatin  immunoprecipitation  as  pre¬ 
viously  described  (Strahl-Bolsinger  et  al.,  1997). 

Radioactive  semi  quantitative  PCR  reactions  were  performed  as 
described  (Krebs  et  al.,  2000)  and  verified  for  linearity  of  response 
by  titrating  template  DNA  (data  not  shown).  PCR  products  were 
separated  on  10%  polyacrylamide  (30:1  acrylamiderbis-acrylamide) 
gels  (Bio-Rad  mini  protean  3).  Gels  were  dried  and  exposed  to 
phosphorimager  screens  overnight.  Bands  were  quantified  by  vol¬ 
ume  analysis  using  ImageQuant  software  (Molecular  Dynamics).  Se¬ 
quences  of  primers  used  in  PCR  are  available  on  request. 

Immunoprecipitation  signals  were  divided  by  the  corresponding 
“input”  signals  (representing  1  %  as  much  DNA  as  used  in  immuno- 
precipitations).  Since  the  IP  efficiencies  of  different  loci  were  often 
very  different,  each  series  was  normalized  to  its  time  zero  value.  In 
some  cases,  a  further  normalization  to  the  control  locus  ( PH05  or 
ENA1)  was  performed  (Kuo  et  al.,  1998).  These  are  indicated  as 
“normalized  percent  IP.” 

Measurement  of  Rad54  Mediator  Function 
Presynaptic  filaments  were  formed  as  follows:  Rad51p  (1.4  *jlM 
added  in  1 .5  *d)  and  RPA  (1 .3  jlM  added  in  1 .5  p.1)  were  preincubated 
on  ice  for  1 0  min  in  27.6  pd  buffer  R  (35  mM  Tris-HCI  [pH  7.2],  60  mM 
KCI,  2.5  mM  ATP,  3  mM  MgCI2s  1  mM  DTT,  and  an  ATP  regenerating 
system  consisting  of  20  mM  creatine  phosphate  and  30  ng/pd  cre¬ 
atine  kinase)  before  the  linear  ssDNA  (19.6  *iM  nucleotides  in  3  jil) 
was  added.  Rad54p  (1 50  nM  in  0.9  jil)  was  added  either  during  the 
initial  1 0  min  incubation  or  after  a  1  min  incubation  at  23°C,  followed 
by  5  min  at  23°C.  The  duplex  substrate  (1 2.3  jjlM  bp  added  in  3  |xl) 
and  spermidine  hydrochloride  (3  p.1  of  50  mM  stock)  were  then  added 
to  complete  the  reaction  (final  volume  of  37.5  }d).  After  the  indicated 
times  at  23°C,  a  5  \i\  aliquot  of  the  reaction  mixture  was  withdrawn  for 
analysis.  For  Rad54p  titrations,  reactions  were  mixed  as  described 
above  but  scaled  down  to  a  final  volume  of  12.5  |xl. 

Binding  of  Recombination  Proteins  to  <£X  174  ssDNA 
Immobilized  on  Magnetic  Beads 

Immobilized  <£X174  (+)  strand  was  prepared  as  described  pre¬ 
viously  (Sigurdsson  et  al.,  2001).  Ten  microliters  of  the  magnetic 
beads  containing  200  ng  <f>X  (+)  strand  was  mixed  with  the  indicated 
amounts  of  each  protein  in  20  jjlI  of  buffer  R  containing  90  mM  KCI 
and  0.01 2%  Igepal  (Sigma)  for  5  min  at  23°C  by  constant  tapping. 
The  beads  were  captured  with  the  Magnetic  Particle  Separator  (Boe- 
hringer  Mannheim).  After  removing  the  supernatant,  the  bead-bound 
Rad51p,  Rad54p,  and  RPA  were  eluted  with  20  ^1  of  SDS  loading 
buffer,  and  7  jxl  of  the  SDS  eluates  were  analyzed  by  SDS-PAGE. 
Reproducibly,  ~80%  of  the  Rad51p,  ^90%  of  the  Rad54p,  and 
~90%  on  the  RPA  were  retained  on  the  magnetic  beads.  The  pro¬ 
teins  were  bound  to  the  F1b/<£X  (+)  strand  on  the  magnetic  beads, 
as  only  ~3%  of  the  Rad51p,  Rad54p,  and  RPA  were  retained  on 
magnetic  beads  that  had  not  been  mixed  with  any  DNA.  This  low 
level  of  nonspecific  retention  of  recombination  proteins  was  seen 
with  individual  proteins  or  when  combinations  of  the  proteins  were 
used,  and  it  was  taken  into  consideration  when  calculating  the 
amounts  of  proteins  specifically  bound  to  the  F1b/<£X  (+)  strand 
hybrid.  ^ 
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mice  with  or  without  the  C57Bl/Ka-ly5.2  recipient  bone  marrow  cells1.  Reconstitution  of 
donor  (Ly5.1)  myeloid  and  lymphoid  cells  was  monitored  by  staining  blood  cells  with 
antibodies  against  LyS.l,  CD3,  B220,  Mac-1  and  Gr-1.  The  secondary  bone  marrow 
transplant  was  performed  with  107  whole  bone  marrow  cells  from  mice  reconstituted  with 
Bmi-1+J+  or  Bmi-1  -/“  fetal  liver  cells. 

Retroviral  gene  transfer  of  HSCs 

Mouse  stem  cell  viruses  expressing  mouse  pl6Ink4a  or  p!9Af^cDNAs  together  with  GFP 
were  produced  using  Phoenix  ecotropic  packaging  cells28.  Infection  of  HSCs  was  done  as 
described29  except  that  three  cycles  of  infections  were  performed.  After  48  h,  single 
GFP-positive  cells  were  sorted  into  a  96-well  plate  containing  100  fj.1  HSC  medium29  and 
grown  for  7  days.  Each  well  was  scored  for  the  presence  of  GFP-positive  cells  by 
observation  with  a  fluorescence  microscope. 
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Mutations  in  the  Saccharomyces  cerevisiae  gene  SRS2  result  in  the 
yeast’s  sensitivity  to  genotoxic  agents,  failure  to  recover  or  adapt 
from  DNA  damage  checkpoint-mediated  cell  cycle  arrest,  slow 
growth,  chromosome  loss,  and  hyper-recombination1,2.  Further¬ 
more,  double  mutant  strains,  with  mutations  in  DNA  helicase 
genes  SRS2  and  SGSJ,  show  low  viability  that  can  be  overcome  by 
inactivating  recombination,  implying  that  untimely  recombina¬ 
tion  is  the  cause  of  growth  impairment1,3,4.  Here  we  clarify  the 
role  of  SRS2  in  recombination  modulation  by  purifying  its 
encoded  product  and  examining  its  interactions  with  the  Rad51 
recomb inase.  Srs2  has  a  robust  ATPase  activity  that  is  dependent 
on  single-stranded  DNA  (ssDNA)  and  binds  Rad51,  but  the 
addition  of  a  catalytic  quantity  of  Srs2  to  Rad51 -mediated 
recombination  reactions  causes  severe  inhibition  of  these  reac¬ 
tions.  We  show  that  Srs2  acts  by  dislodging  RadSl  from  ssDNA. 
Thus,  the  attenuation  of  recombination  efficiency  by  Srs2  stems 
primarily  from  its  ability  to  dismantle  the  Rad51  presynaptic 
filament  efficiently.  Our  findings  have  implications  for  the  basis 
of  Bloom’s  and  Werner’s  syndromes,  which  are  caused  by 
mutations  in  DNA  helicases  and  are  characterized  by  increased 
frequencies  of  recombination  and  a  predisposition  to  cancers  and 
accelerated  ageing5. 

We  have  been  unable  to  overexpress  Srs2  protein  significantly  in 
yeast,  suggesting  that  this  protein  is  unstable  in,  and/or  toxic  to, 
yeast  cells.  We  therefore  turned  to  Escherichia  coli  and  an  inducible 
T7  promoter  as  vehicle  for  Srs2  expression.  Srs2  could  be  revealed  by 
Coomassie  Blue  staining  of  E.  coli  extracts  and  by  immunoblotting 
with  antibodies  against  Srs2  (Fig.  la).  We  subjected  E.  coli  lysate  to 
precipitation  with  ammonium  sulphate  and  a  five- step  chromato¬ 
graphic  fractionation  scheme  to  purify  Srs2  to  near-homogeneity 
(Fig.  lb).  Purified  Srs2  has  a  robust  ssDNA-dependent  ATPase 
activity  (fccat  ^  2,500  mm-1)  and  a  DNA  helicase  activity6  that  is 
fuelled  by  ATP  hydrolysis  (Fig.  lc). 

Previous  studies  have  unveiled  an  anti- recombination  function  in 
SRS2  and  a  genetic  interaction  with  RAD51  (refs  7-9).  We  investi¬ 
gated  whether  Srs2  protein  interacts  physically  with  Rad51  protein, 
and  also  tested  its  effect  on  the  RadSl  recombinase  activity10.  To 
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examine  whether  Srs2  associates  with  Rad51,  we  coupled  the  latter 
to  Affi-gel  15  beads  and  used  the  resulting  matrix  to  bind  Srs2.  As 
shown  in  Fig.  Id,  Srs2  was  retained  on  the  Affi-Rad51  beads,  but  no 
binding  of  Srs2  to  bovine  serum  albumin  (BSA)  immobilized  on 
Affi-beads  (Affi-BSA)  was  detected.  Aji  interaction  between  Rad51 
and  two  carboxy-terminal  fragments  of  Srs2  was  seen  in  the  two- 
hybrid  assay  in  yeast  (Fig.  le).  We  were  unable  to  detect  significant 
interaction  between  Rad51  and  full-length  Srs2  in  this  assay,  which 
could  be  the  result  of  low  expression  of  full-length  Srs2. 

We  next  tested  the  effect  of  Srs2  on  the  Rad51 -mediated  hom¬ 
ologous  pairing  and  strand  exchange  reaction  that  serves  to 
join  recombining  DNA  molecules 1 0,1  \  For  this,  we  employed  a 
commonly  used  assay  in  which  Rad51  and  the  heterotrimeric 
ssDNA-binding  factor  RPA  are  incubated  with  ssDNA  and  ATP  to 
form  a  Rad51-ssDNA  nucleoprotein  filament11-13.  Such  a  filament, 
often  called  the  presynaptic  filament11'13,  is  then  incubated  with  the 
homologous  linear  duplex  (Fig.  2Aa).  Pairing  between  the  DNA 
substrates  yields  a  joint  molecule,  which  is  further  processed  by 
DNA  strand  exchange  to  nicked  circular  duplex  (Fig.  2Aa,  b).  As 
shown  in  Fig.  2Ac,  d,  the  addition  of  a  catalytic  quantity  of  Srs2 
strongly  suppressed  the  homologous  pairing  and  strand  exchange 
reaction. 

To  characterize  its  anti -recombination  activity  further,  Srs2  was 
added  to  D-loop  reactions  in  which  pairing  of  a  32P-labelled  90-mer 
oligonucleotide  with  a  homologous  duplex  target  is  mediated  by  the 
combination  of  Rad51  and  Rad54  proteins14,15  (Fig.  2Ba).  As 
reported  previously1*"16,  efficient  D-loop  formation  was  catalysed 
by  Rad5 1  and  Rad54  ( Fig.  2Bb,  d) .  As  expected,  the  inclusion  of  Srs2 
decreased  the  level  of  D-loop  formation  (Fig.  2Bb,  d).  RPA 
enhanced  D-loop  formation  in  the  absence  of  Srs2  (Fig.  2Bc,  d), 
but  the  inhibitory  effect  of  Srs2  became  much  more  pronounced 
when  RPA  was  present.  We  provide  an  explanation  below  for  this 
observation. 

We  considered  the  possibility  that  suppression  of  recombination 
by  Srs2  might  result  from  the  dissociation  of  DNA  joints  by  its 
helicase  activity.  To  address  this,  D-loop  was  formed  with  Rad51/ 
Rad54  and  then  Srs2  was  added.  Srs2  was  incapable  of  dissociating 
the  preformed  D-loop,  regardless  of  the  presence  or  absence  of  RPA 
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Figure  1  Purification  and  characterization  of  Srs2.  a,  Extracts  from  E.  coti  cells 
harbouring  pETI  1c::Srs2  and  the  control  vector  pET1 1  c  grown  with  or  without  isopropyl 
3-D-thiogalactoside  (IPTG)  were  analysed  by  SDS-PAGE  and  immunoblotting.  b,  Purified 
Srs2  was  analysed  by  SDS-PAGE  (2  ^g)  and  immunoblotting  {20  ng).  c,  DNA  unwinding 
by  Srs2  occurs  with  ATP  but  not  without  it  or  with  AMP-PNP.  The  substrate  was  also 
incubated  alone  (NP)  or  boiled  (HD)  for  t  min.  d,  Srs2  was  mixed  with  Afft-Rad5f  and 
Affi-BSA  beads.  The  input  (I),  supernatant  (S),  wash  (W)  and  SDS  eluate  (E)  were 
immunoblotted.  e,  Full-length  and  truncated  versions  of  Srs2  were  tested  for  two-hybrid 
interaction  with  Rad51 .  Empty  vectors  and  Rad52  were  included  as  controls. 


(Fig.  3A),  suggesting  that  suppression  of  the  recombination  reaction 
does  not  stem  from  the  unwinding  of  DNA  by  Srs2. 

Several  approaches  were  used  to  test  the  idea  that  Srs2  inhibits 
Rad51  recombinase  function  by  disrupting  the  presynaptic  fila¬ 
ment.  In  doing  so,  we  reasoned  that  disruption  of  the  presynaptic 
filament  would  yield  free  Rad51  molecules  that  could  be  trapped  on 
duplex  DNA  (dsDNA).  The  binding  of  Rad51  to  topologically 
relaxed  dsDNA  induces  lengthening  of  the  DNA17,18  that  can  be 
monitored  as  a  change  in  the  DNA  linking  number  on  treatment 
with  topoisomerase  I  (Fig.  3Ba).  The  product  of  this  reaction  is  an 
underwound  species  referred  to  as  form  U  (Fig.  3Bb,  lane  4).  RPA 
and  Srs2  do  not  catalyse  the  formation  of  form  U  (Fig.  3Bb,  lane  8), 
and  these  proteins  have  no  effect  on  the  formation  of  form  U  by 
Rad51  (Fig.  3Bb,  compare  lanes  6  and  4).  The  presynaptic  filament 
consisting  of  Rad51-ssDNA  does  not  make  form  U  (Fig.  3Bc, 
lane  3).  The  addition  of  Srs2  to  the  Rad51-ssDNA  presynaptic 
filament  causes  the  generation  of  form  U  (Fig.  3Bc,  lanes  4-6), 
indicating  the  transfer  of  Rad51  from  the  presynaptic  filament  to  the 
dsDNA.  The  addition  of  RPA  further  stimulates  the  Srs2-mediated 
release  of  Rad51  from  the  presynaptic  filament  and  the  formation  of 
form  U  (Fig.  3Bc,  lanes  8-10).  RPA  has  high  affinity  for  ssDNA  and 
it  can  compete  with  Rad51  for  binding  to  ssDNA10,19,20.  The 
enhanced  production  of  form  U  was  therefore  probably  due  to 
the  sequestering  of  ssDNA  by  RPA  after  Srs2  had  released  Rad51, 
thereby  preventing  the  renucleation  of  Rad51  on  the  ssDNA. 
This  premise  was  verified  by  electron  microscopy  and  explains  the 
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Figure  2  Srs2  inhibits  Rad51  -mediated  DNA  pairing  and  strand  exchange.  A,  a,  The  DNA 
strand  exchange  scheme.  In  b,  the  DNA  substrates  were  incubated  with  Rad51  and 
RPA.  In  c,  Srs2  was  also  included.  The  results  from  b  and  c  and  from  reactions  with  other 
Srs2  amounts  are  plotted  in  d.  B,  a,  The  D-loop  reaction  scheme.  In  b,  Rad51,  Srs2 
and  Rad54  were  Incubated  with  the  DNA  substrates.  In  c,  RPA  was  also  included.  The 
results  from  b  and  c  and  from  reactions  with  other  Srs2  amounts  are  plotted  in  d.  Filled 
symbols,  reactions  without  RPA;  open  symbols,  reactions  with  RPA. 
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RPA-mediated  enhancement  of  the  inhibitory  effect  of  Srs2  in  the 
D-loop  reaction  (Fig.  2B). 

The  Srs2-mediated  disruption  of  the  Rad51  presynaptic  filament 
was  examined  by  a  second  approach.  Here,  Rad51  that  had  been 
dissociated  from  ssDNA  by  Srs2  was  trapped  on  a  DNA  duplex 
bound  to  magnetic  beads  through  a  biotin-streptavidin  linkage 
(Fig.  3Ca).  Rad51  was  eluted  from  the  bead-bound  DNA  duplex  by 
treatment  with  SDS  and  then  analysed  in  a  denaturing  polyacryl¬ 
amide  gel.  Consistent  with  results  from  the  topoisomerase  I-linked 
assay  (Fig.  3B)  was  the  observation  that  there  was  an  Srs2-concen- 
tration-dependent  transfer  of  RadSI  from  the  presynaptic  filament 
to  the  bead-bound  DNA  duplex  (Fig.  3Cb). 


RadSI-ssDNA 


dsDNA  Rad51-dsDNA 


b 


RPA - +  +  +  + 

Srs2 - +  +  +  + 

RadSI - +  +  +  + - 


C 


RPA  + - 

Sfs2  + - 

Rad51  -  +  + 
ssDNA  +  -  + 


+  +  +  +  +  +  + 

+  +  +  +  +  +  + 


1  23456709  10 


Rl 

FormU 

ss 


Rad51  -ssDNA  Bead 


b 


Sre2  - 
ssDNA  - 
B-dsDNA  + 


Super 


kDa 
97-  w 


66-  «# 


--  +  +  +  + 

+  -  +  +  +  + 


Beads 

*-  Srs2 


*-  Rad51 
—  CK 


1  2  3  4  5  6  7  8  9  10  11  12 

Figure  3  Srs2  disrupts  the  Rad51  presynaptic  filament  A,  D-loop  reactions  without  and 
with  Srs2  added  before  or  after  the  duplex  substrate  were  performed.  The  reactions 
were  repeated  with  RPA  present.  Black  bars,  reactions  without  RPA;  grey  bars,  reactions 
with  RPA.  B,  a,  The  reaction  scheme.  PK,  proteinase  K.  b,  Only  Rad51  makes  form  U. 
In  c,  Rad51  presynaptic  filaments,  assembled  with  or  without  RPA,  were  treated  with  Srs2 
and  topoisomerase.  Lane  2  contained  form  U  marker.  Rl,  relaxed  duplex;  ss,  single- 
stranded  DNA.  C,  a,  The  reaction  scheme.  In  b,  Rad51  presynaptic  filaments  were 
incubated  with  Srs2  and  then  with  beads  containing  dsDNA.  Rad51  was  also  incubated 
with  beads  containing  dsDNA  (lanes  1  and  7)  and  beads  without  DNA  (lanes  2  and  8).  The 
supernatant  and  bead  fractions  were  analysed.  CK,  creatine  kinase. 


Last,  we  used  electron  microscopy  to  characterize  the  action  of 
Srs2  on  the  Rad51  presynaptic  filament.  After  incubation  of  RadSI 
with  circular  ssDNA,  abundant  presynaptic  filaments17,18  were  seen 
(Fig.  4a).  Under  the  same  conditions,  RPA  formed  complexes  with 
ssDNA  that  appeared  as  compact  structures  with  distinctive  protein 
bulges  (Fig.  4b).  Although  RPA  alone  was  unable  to  disrupt  the 
RadSI  presynaptic  filaments  (Fig.  4c),  the  addition  of  Srs2  with  RPA 
to  the  presynaptic  filaments  caused  a  complete  loss  of  the  filaments, 
and  the  concomitant  formation  of  RPA-ssDNA  complexes  (Fig.  4d). 
Previous  biochemical  experiments  had  shown  transfer  of  RadSI 
from  the  presynaptic  filament  to  dsDNA  promoted  by  Srs2  (Fig.  3B 
and  C).  This  Srs2-mediated  transfer  of  RadSI  to  dsDNA  could  be 
observed  directly  by  electron  microscopy  (Fig.  4e).  The  data  from 
the  electron  microscopic  analyses  agree  with  results  from  the 
biochemical  experiments  (Figs  2  and  3),  because  they  show  that 
Srs2  disrupts  the  Rad51  presynaptic  filament. 

Even  though  homologous  recombination  is  important  for  repair¬ 
ing  DNA  strand  breaks  induced  by  ionizing  radiation  and  endogen¬ 
ous  agents,  and  for  restarting  delinquent  DNA  replication  forks,  it 
can  also  generate  deleterious  genomic  rearrangements  and  create 
DNA  structures  that  cannot  be  properly  resolved1.  Cells  have 
therefore  evolved  mechanisms  to  avoid  untimely  recombination1,5. 
Our  studies  provide  evidence  that  Srs2  does  this  by  disrupting  the 
RadSI  presynaptic  filament.  The  same  conclusion  has  been  reached 
independently21.  Furthermore,  even  though  RPA  can  function  as  a 
cofactor  in  the  assembly  of  the  Rad51  presynaptic  filament10,20,  it 
might  also  promote  the  anti-recombination  function  of  Srs2  by 
preventing  reassembly  of  the  presynaptic  filament  (Figs  3  and  4). 
That  Srs2  uses  the  free  energy  from  ATP  hydrolysis  to  dislodge 
RadSI  from  the  presynaptic  filament  has  been  verified  with  mutant 
variants  of  Srs2  (srs2  K41A  and  srs2  K41R)  defective  for  ATP 
hydrolysis.  The  physical  interaction  noted  between  Rad51  and 
Srs2  further  suggests  a  mechanism  for  targeting  the  latter  to  the 
presynaptic  filament.  Taken  together,  the  results  presented  here 
indicate  that  the  motor  activity  of  Srs2  driven  by  ATP  hydrolysis 
is  capable  of  dissociating  not  only  DNA  structures6  but  also 
DNA-protein  complexes. 


Figure  4  EM  analysis  of  RadSI  filament  disruption  by  Srs2.  a,  b,  RadSI  (a)  and  RPA  (b) 
were  each  incubated  with  ssDNA;  examples  of  the  nucleoprotein  complexes  that 
formed  are  shown,  c,  RPA  was  not  able  to  disrupt  preformed  Rad51  filaments;  an  example 
of  the  RadSI  filaments  present  is  shown,  d,  Incubation  of  preformed  Rad51  filaments 
with  Srs2  and  RPA  caused  the  loss  of  filaments  and  concomitant  formation  of  RPA-ssDNA 
complexes,  an  example  of  which  is  shown,  e,  When  preformed  Rad51 -ssDNA 
filaments  were  incubated  with  Srs2,  RPA  and  linear  duplex,  RPA-ssDNA  complexes  were 
formed  (circled)  and  transfer  of  Rad51  onto  the  linear  duplex  was  visualized  (arrows). 
Scale  bars,  lOOnm. 
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The  inhibitory  effect  of  Srs2  on  RadSl -mediated  DNA  strand 
exchange  can  be  partly  overcome  by  the  inclusion  of  Rad52  protein, 
a  recombination  mediator  that  promotes  Rad51  presynaptic  fila¬ 
ment  assembly11,12.  However,  the  Rad55-Rad57  complex,  which 
also  has  recombination  mediator  activity1  l,I2J  is  much  less  effective 
in  alleviating  the  inhibitory  effect  of  Srs2.  Furthermore,  Rad52  and 
the  Rad55-Rad57  complex  do  not  seem  to  act  synergistically. 
Interestingly,  we  have  found  that  Srs2  can  also  dismantle  presyn¬ 
aptic  filaments  of  RecA  and  human  Rad51  proteins.  It  therefore 
seems  that  the  presynaptic  filaments  formed  by  the  RecA/Rad51 
class  of  general  recombinases  share  a  conserved  feature  that  is 
recognized  by  Srs2,  making  them  prone  to  disruption  by  the 
motor  activity  of  Srs2. 

The  sensitivity  of  srs2  mutants  to  DNA-damaging  agents6,22  is 
alleviated  by  deleting  RAD51  (ref.  23),  and  the  inability  to  remove 
RadSl  from  DNA  in  the  srs2  mutants  most  probably  accounts  for 
the  hyper- recombination  phenotype  of  these  mutants1.  Similarly, 
the  cell  cycle  checkpoint  recovery  and  adaptation  defect  in  srs2 
mutants  might  be  related  to  an  inability  to  evict  RadSl  from 
damaged  DNA2.  Cells  mutated  for  SRS2  grow  slowly,  exhibit  an 
extended  late  S  and/or  G2  phase,  and  are  defective  in  meiosis25. 
These  defects  could  result  from  the  generation  of  unresolvable 
recombination  intermediates  that  trigger  checkpoint  activation 
and  thereby  compromise  cell  cycle  progression.  In  addition  to 
functioning  as  an  anti-recombinase,  Srs2  could  conceivably  prevent 
D-loop  reversal  by  removing  RadSl  bound  to  the  displaced  ssDNA 
strand.  The  various  activities  of  Srs2  might  be  subject  to  modulation 
by  phosphorylation24. 

Other  DNA  helicase  enzymes  are  known  to  suppress  recombina¬ 
tion  in  eukaryotic  cells,  including  the  S.  cerevisiae  Sgsl  protein  and 
the  human  BLM  and  WRN  proteins,  mutated  in  Bloom’s  syndrome 
and  Werner’s  syndrome,  respectively.  Untimely  and  aberrant 
recombination  events  in  Bloom’s  syndrome  and  Werner’s  syndrome 
cells  could  contribute  to  the  genomic  instability  in  these  cells26.  It 
has  been  suggested  that  BLM  and  WRN  proteins  control  the  level  of 
recombination  by  dissociating  recombination  intermediates5,27.  It 
will  be  of  interest  to  test  whether  Sgsl,  BLM  and  WRN  proteins 
affect  the  integrity  of  the  hRad51  presynaptic  filament,  as  over¬ 
expression  of  Sgsl  protein  can  partly  suppress  some  of  the  defects  of 
srs2  mutants28.  D 

Methods 

Antibodies  and  Srs2  purification 

Polyclonal  antiserum  was  raised  against  residues  \77~646  of  Srs2  fused  to  glutathione 
S  transferase.  Antibodies  were  purified  from  the  rabbit  anti- serum  by  affinity 
chromatography  on  a  column  containing  the  antigen  crosslinked  to  cyanogen  bromide- 
activated  sepharose  4B  matrix  {Amersham  Biosciences).  SRS2  gene  was  placed  under  the 
T7  promoter  in  the  vector  pETI  lc  to  yield  plasmid  pETl  lc::Srs2,  which  was  introduced 
into  E.  coli  BL21  (DE3).  Srs2  expression  was  induced  by  isopropyl  0-D-thiogaIactoside, 
and  extract  from  70 1  of  culture  was  subjected  to  precipitation  with  ammonium  sulphate 
and  chromatographic  fractionation  in  columns  of  Q  Sepharose,  SP  Sepharose, 
hydroxyapatite  and  Mono  Q.  The  final  Srs2  pool  (300  pg  at  2  mg  ml  l)  was  nearly 
homogeneous  and  stored  in  small  portions  at  —  80°C. 

DNA  substrates 

The  <f>X  circular  (+)  strand  was  from  New  England  Biolabs.  The  <J>X  replicative  form  I 
DNA  (Gibco-BRL)  was  linearized  by  digestion  with  ApaLL  The  pBluescript  SK(-) 
replicative  form  I  DNA  was  prepared  as  described29.  Oligonucleotide  D1  has  the  sequence: 
5 '  -  AAATCAATCTAAAGTATATATGAGTAAACTTG  GTCTG  ACAGTTACCAATGCTTAA 
TCAGTG AGGCACCTATCTCAGCGATCTGTCTATTT-3 ' ,  being  complementary  to 
positions  1932-2022  of  the  pBluescript  replicative  form  I  DNA.  Oligonucleotide  H2  has  the 
sequence:  5 '  -GTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTG ATTT-3 ' , 
being  complementary  to  the  first  45  residues  of  oligonucleotide  Dl.  The  two 
oligonucleotides  were  5'  end-labelled  with  [*y-32P]ATP  and  purified  as  described29.  The 
DNA  helicase  substrate  was  obtained  by  hybridizing  Dl  to  radiolabelled  H2,  as 
described1*. 

Biotinylated  dsDNA  coupled  to  magnetic  beads 

The  ends  of  a  769-base  pair  fragment  derived  from  digesting  <f>X174  replicative  form  I 
DNA  with  ApalA  and  Xhol  were  filled  in  with  the  Klenow  polymerase,  using  a  mixture  of 
dGTP,  dTTP,  Bio-7-dATP  and  Bio-1 1-dCTP  (Enzo  Diagnostics).  The  biotinylated  DNA 


fragment  was  immobilized  on  streptavidin-coated  magnetic  beads  (Roche  Molecular 
Biochemicals)  to  give  biotinylated  DNA  at  40  ngpl"1  packed  volume. 

Binding  of  Srs2  to  beads  containing  Rad51 

Rad51  and  BSA  were  coupled  to  Afifi-Gel  15  beads  (Bio-Rad)  at  5  and  12  mg  ml  \ 
respectively14.  To  examine  Srs2  binding,  3  pg  Srs2  was  mixed  with  7  pi  Affi-Rad  51  or 
Affi-BSA  beads  in  30  pi  PBS  (10  mM  KH2P04  pH  7.2, 150  mM  KC1,  1  mM  dithiothreitol 
(DTT)  and  0.01%  Igepal)  at  4°C  for  30  min.  The  beads  were  collected  by  centrifugation; 
after  the  supernatant  had  been  decanted  off,  the  beads  were  washed  twice  with  100  jaI 
buffer,  then  treated  for  5  min  with  30  pi  2%  SDS  at  37  °C  to  elute  bound  Srs2.  The  various 
fractions— 10  pi  each— were  analysed  by  immunoblotting  to  determine  their  Srs2  content. 

Yeast  two-hybrid  assay 

RAD51  was  cloned  into  pGADIO,  which  contains  the  GAL4  transcription  activation 
domain,  and  the  resulting  plasmid  was  introduced  into  the  haploid  yeast  strain  PJ69-4a 
(ref.  30).  SRS2  (residues  1-1 174),  two  C-terminal  fragments  of  SRS2  (residues  783-1 174 
and  residues  738-998),  and  RAD52  were  cloned  into  pGBKT7,  which  contains  the  GAL4 
DNA-binding  domain;  the  resulting  plasmids  were  introduced  into  the  haploid  yeast 
strain  PJ69-4a  (ref.  30).  Diploid  strains  obtained  by  mating  plasmid-bearing  PJ69-4a  and 
PJ69-4a  haploids  were  grown  on  synthetic  medium  lacking  tryptophan  and  leucine.  To 
select  for  two-hybrid  interactions,  which  would  result  in  the  activation  of  the  ADE2  and 
HIS3  reporter  genes,  diploid  cells  were  replica-plated  on  synthetic  medium  lacking 
tryptophan,  leucine  and  adenine,  and  also  on  synthetic  medium  lacking  tryptophan, 
leucine  and  histidine30.  Both  platings  gave  identical  results.  Only  the  plating  on  the 
tryptophan,  leucine  and  adenine  dropout  medium  is  shown  in  Fig.  le. 

DNA  helicase  assay 

Srs2  (35  nM)  was  incubated  at  30  °C  for  10  min  with  the  DNA  substrate  (300  nM 
nucleotides)  in  10  pi  buffer  H  (25  mM  Tris-HG  pH  7.5, 2.5  mM  MgCl2,  1  mM  DTT, 

100  pgml"1  BSA)  containing  2  mM  ATP  or  fi^y-imidoadenosine  5'-phosphate 
(AMP-PNP)  and  then  analysed14. 

Homologous  DNA  pairing  and  strand  exchange  reaction 

Buffer  R  (35  mM  Tris-HCl  pH  7.4, 2.0  mM  ATP,  2.5  mM  MgCl2,  50  mM  KC1, 1  mM  DTT, 
containing  an  ATP-regenerating  system  consisting  of  20  mM  creatine  phosphate  and 
20 pgml"1  creatine  kinase)  was  used  for  the  reactions,  and  all  the  incubation  steps  were 
performed  at  37  °C.  Rad51  (lOpM)  was  mixed  with  4>X  circular  (+)  strand  (30  pM 
nucleotides)  in  30  pi  for  5  min,  followed  by  the  incorporation  of  RPA  (2  pM)  in  1.5  pi  and 
a  3  min  incubation.  The  reaction  was  completed  by  adding  3  pi  50  mM  spermidine 
hydrochloride  and  linear  4>X  dsDNA  (30  pM  nucleotides)  in  3  pi.  Portions  (4.5  pi)  of  the 
reaction  mixtures  were  taken  at  the  indicated  times,  deproteinized  and  resolved  in  agarose 
gels  followed  by  ethidium  bromide  staining  of  the  DNA  species,  as  described  previously18. 
Srs2  was  added  to  the  reactions  in  0.9  pi  at  the  time  of  RPA  incorporation. 

D-loop  reaction 

Buffer  R  was  used  for  the  D-loop  reactions.  The  radiolabelled  oligonucleotide  Dl  (3  pM 
nucleotides)  was  incubated  with  Rad51  (I  pM)  in  22  pi  for  5  min  at  37  °C,  followed  by  the 
incorporation  of  Rad54  (150  nM)  in  1  pi  and  a  2-min  incubation  at  23  °C.  The  reaction 
was  initiated  by  adding  pBluescript  replicative  form  I  DNA  (50  pM  base  pairs)  in  2  pi.  The 
reaction  mixtures  were  incubated  at  30  °C,  and  5-pl  aliquots  were  withdrawn  at  the 
indicated  times  and  processed  for  electrophoresis  as  described  above.  The  gels  were  dried 
and  subjected  to  phosphorimaging  analysis.  The  percentage  of  D-loop  refers  to  the 
quantity  of  the  replicative  form  substrate  that  had  been  converted  into  D-loop.  When 
present,  RPA  (200  nM)  and  Srs2  (40-70  nM)  were  added  to  the  preassembled  RadSl 
filament,  followed  by  a  4-min  incubation  at  37  °C  before  Rad54  was  incorporated.  In 
Fig.  3A,  Srs2  (45  nM)  was  added  to  the  D-loop  reactions  before  Rad54  as  above,  or  1  min 
after  the  incorporation  of  the  duplex  substrate.  The  reactions  were  terminated  after  4  min 
of  incubation. 

Topoisomerase-l-linked  DNA  unwinding  assay 

Buffer  R  was  used  for  the  reactions  and  all  the  incubation  steps  were  performed  at  37  °C. 
Rad51  (4 pM)  was  incubated  for  4  min  with  pBluescript  (-)  strand  (20  pM  nucleotides) 
in  7,8  pi.  Srs2  (40, 60  or  80  nM)  and  RPA  (1  pM)  were  added  in  1  pi,  followed  by  a  4-min 
incubation.  Topologically  relaxed  <|>X174  DNA  ( 12.5  pM  nucleotides)  in  0.8  pi  and  2.5  U 
calf  tjiymus  topoisomerase  I  (Invitrogen)  in  0.4  pi  storage  buffer  were  then  incorporated 
to  complete  the  reaction.  The  reaction  mixtures  were  incubated  for  8  min  and  then 
stopped  by  adding  SDS  to  0,5%.  In  reactions  that  did  not  contain  the  (— )  strand,  RadSl, 
with  or  without  RPA  ( 1  pM)  and  Srs2  (80  nM),  was  incubated  for  8  min  with  topologically 
relaxed  <J>X174  DNA  and  topoisomerase  1  in  a  final  volume  of  10  pi.  The  reaction  mixtures 
were  treated  for  10  min  with  proteinase  K  (0.5  mg  ml-1)  before  being  analysed  in  0.9% 
agarose  gels. 

Transfer  of  Rad51  to  bead-bound  biotinylated  dsDNA 

M13mpl8  circular  (+)  strand  (7.2  pM  nucleotides)  was  incubated  for  5  min  with  Rad51 
(2.4  pM)  at  37  °C,  followed  by  the  addition  of  Srs2  (30,  60  or  90  nM)  in  a  final  volume  of 
20  pi  buffer  R  containing  50  mM  KC1  and  0.01%  Igepal.  After  3  min  at  37  °C,  4  pi  magnetic 
beads  containing  dsDNA  were  added  to  the  reaction,  followed  by  constant  mixing  for 
5  min  at  23  °C.  The  beads  were  captured  with  the  Magnetic  Particle  Separator  (Boehringer 
Mannheim),  washed  twice  with  50 pi  buffer,  and  the  bound  RadSl  was  eluted  with  20  pi 
1%  SDS.  The  supernatant,  which  contained  unbound  Rad51,  and  the  SDS  eluate  (10  pi 
each)  were  analysed  by  SDS-polyacrylamide-gel  electrophoresis  (SDS-PAGE). 
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Electron  microscopy 

The  reactions  were  performed  in  buffer  R  at  37  °C  and  had  a  final  volume  of  12.5  |il.  To 
assemble  the  RadSl  presynaptic  filament,  M13mpl8  (+)  strand  (7.2  pM  nucleotides)  and 
1.3  jig  RadSl  (2.4  (iM)  were  incubated  for  5  min.  To  test  the  effects  of  Srs2  and  RPA,  these 
proteins  were  added  to  the  reaction  mixtures  containing  the  preassembled  Rad51 
presynaptic  filament  to  final  concentrations  of  60  nM  (Srs2)  and  350  nM  (RPA),  followed 
by  a  3-min  incubation.  In  some  cases,  linear  dsDNA  (a  5.2-kilobase  fragment  derived  from 
the  pET24  vector)  was  also  added  with  Srs2  and  RPA  to  7.2  (iM  base  pairs,  followed  by  a 
5-min  incubation.  For  electron  microscopy,  3  pel  of  each  reaction  mixture  was  applied  to 
copper  grids  coated  with  thin  carbon  film  after  glow-discharging  the  coated  grids  for 
2  min.  The  grids  were  washed  twice  with  buffer  R  and  stained  for  30  s  with  0.75%  uranyl 
formate.  After  air-drying,  the  grids  were  examined  with  a  Philips  Tecnail2  electron 
microscope  under  low-dose  conditions.  Images  were  recorded  either  with  a  charge- 
coupled  device  camera  (Gatan)  or  on  Kodak  SO- 163  films  at  X  30,000  magnification  and 
then  scanned  on  a  SCAI  scanner  (Zeiss).  The  experiments  shown  in  Fig.  4  were  each 
independently  repeated  three  or  more  times  and  at  least  100  nucleoprotein  complexes 
were  examined  in  each  experiment. 
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Homologous  recombination  is  a  ubiquitous  process  with  key 
functions  in  meiotic  and  vegetative  cells  for  the  repair  of  DNA 
breaks.  It  is  initiated  by  the  formation  of  single-stranded  DNA  on 
which  recombination  proteins  bind  to  form  a  nucleoprotein 
filament  that  is  active  in  searching  for  homology,  in  the  for¬ 
mation  of  joint  molecules  and  in  the  exchange  of  DNA  strands1. 
This  process  contributes  to  genome  stability  but  it  is  also 
potentially  dangerous  to  cells  if  intermediates  are  formed  that 
cannot  be  processed  normally  and  thus  are  toxic  or  generate 
genomic  rearrangements.  Cells  must  therefore  have  developed 
strategies  to  survey  recombination  and  to  prevent  the  occurrence 
of  such  deleterious  events.  In  Saccharomyces  cerevisiae ,  genetic 
data  have  shown  that  the  Srs2  helicase  negatively  modulates 
recombination2,3,  and  later  experiments  suggested  that  it  reverses 
intermediate  recombination  structures4-7.  Here  we  show  that 
DNA  strand  exchange  mediated  in  vitro  by  Rad51  is  inhibited 
by  Srs2fand  that  Srs2  disrupts  RadSl  filaments  formed  on  single- 
stranded  DNA.  These  data  provide  an  explanation  for  the  anti- 
recombinogenic  role  of  Srs2  in  vivo  and  highlight  a  previously 
unknown  mechanism  for  recombination  control. 

Several  phenotypes  (discussed  below)  conferred  by  the  srs2 
deletion  are  suppressed  by  mutations  that  prevent  formation  of 
the  Rad51  nucleofilaments8,9,  Two  hypotheses  could  explain  this 
suppression:  either  Srs2  functions  in  replication  and  repair  to 
prevent  the  formation  of  toxic  recombination  structures,  or  Srs2 
disrupts  dead-end  recombination  intermediates,  possibly  formed 
after  the  arrest  of  the  replication  fork,  to  allow  repair  through 
alternative  pathways.  This  second  proposition  led  us  to  ask  whether 
purified  Srs2  acts  on  preformed  recombination  structures. 

Srs2  was  expressed  from  a  baculovirus  vector  in  which  SRS2  was 
cloned  in  frame  with  a  histidine  tag  at  its  amino  terminus.  We 
showed  that  the  protein  fusion  expressed  in  yeast  fully  complements 
the  sensitivity  of  srs2-deleted  cells  to  radiation  (data  not  shown). 


t  Present  address:  UMR2 167  CNRS  Centre  de  Genetique  Moleculaire,  Batiment  26,  avenue  de  la  Terrasse, 
91198  Gif-sur- Yvette  Cedex,  France. 
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In  eukaryotic  cells,  the  repair  of  DNA  double-strand 
breaks  by  homologous  recombination  requires  a  RecA- 
like  recombinase,  RadSlp,  and  a  Swi2p/Snf2p-like 
ATPase,  Rad54p.  Here  we  find  that  yeast  RadSlp  and 
Rad54p  support  robust  homologous  pairing  between 
single-stranded  DNA  and  a  chromatin  donor.  In  con¬ 
trast,  bacterial  RecA  is  incapable  of  catalyzing  homolo¬ 
gous  pairing  with  a  chromatin  donor.  We  also  show  that 
Rad54p  possesses  many  of  the  biochemical  properties  of 
bona  fide  ATP-dependent  chromatin-remodeling  en¬ 
zymes,  such  as  ySWI/SNF.  Rad54p  can  enhance  the  ac¬ 
cessibility  of  DNA  within  nucleosomal  arrays,  but  it  does 
not  seem  to  disrupt  nucleosome  positioning.  Taken  to¬ 
gether,  our  results  indicate  that  Rad54p  is  a  chromatin¬ 
remodeling  enzyme  that  promotes  homologous  DNA 
pairing  events  within  the  context  of  chromatin. 


Chromosomal  DNA  double-strand  breaks  (DSBs)1  arise 
through  exposure  of  cells  to  harmful  environmental  agents 
such  as  ionizing  radiation  or  mutagenic  chemicals  (radiomi- 
metics,  alkylating  agents,  etc.).  DSBs  can  also  be  caused  by 
endogenously  produced  oxygen  radicals,  by  errors  in  DNA  rep¬ 
lication,  or  as  obligatory  intermediates  during  programmed 
cellular  processes,  such  as  meiosis  or  V(D)J  recombination 
(1-3).  Cell  survival  and  maintenance  of  genome  integrity  de¬ 
pend  on  efficient  repair  of  DSBs,  because  unrepaired  or  misre- 
paired  DSBs  may  lead  to  mutations,  gene  translocations,  gross 
chromosomal  rearrangements,  or  cellular  lethality. 

Several  pathways  for  repairing  DSBs  have  evolved  and  are 
highly  conserved  throughout  eukaryotes.  Homologous  recombi¬ 
nation  (HR)  is  a  major  pathway  of  DSB  repair  in  all  eukaryotes 
and  has  a  distinct  advantage  over  other  mechanisms  in  that  it 
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is  mostly  error-free.  In  organisms  ranging  from  yeast  to  hu¬ 
man,  HR  is  mediated  by  members  of  the  RAD52  epistasis  group 
(RAD50,  RAD51 ,  RAD 52,  RAD 54,  RAD55 ,  RAD57,  RAD59 , 
MRE11 ,  and  XRS2).  Accordingly,  mutations  in  any  one  of  these 
genes  result  in  sensitivity  to  ionizing  radiation  and  other  DSB- 
inducing  agents  (2).  The  importance  of  the  HR  pathway  in 
maintaining  genome  integrity  is  underscored  by  the  fact  that 
mutations  in  each  one  of  its  critical  factors  have  been  corre¬ 
lated  with  chromosomal  instability-related  ailments,  including 
ataxia  telangiectasia-like  disease,  Nijmegen  breakage  syn¬ 
drome,  Li  Fraumeni  syndrome,  as  well  as  various  forms  of 
cancer  (4). 

In  vivo  and  in  vitro  studies  have  suggested  the  following 
sequence  of  molecular  events  that  lead  to  the  recombinational 
repair  of  a  DSB.  First,  the  5'  ends  of  DNA  that  flank  the  break 
are  resected  by  an  exonuclease  to  create  ssDNA  tails  (5).  Next, 
Rad51p  polymerizes  onto  these  DNA  tails  to  form  a  nucleopro- 
tein  filament  that  has  the  capability  to  search  for  a  homologous 
duplex  DNA  molecule.  After  DNA  homology  has  been  located, 
the  Rad51-ssDNA  nucleoprotein  filament  catalyzes  the  forma¬ 
tion  of  a  heteroduplex  DNA  joint  with  the  homolog.  The  process 
of  DNA  homology  search  and  DNA  joint  molecule  formation  is 
called  “homologous  DNA  pairing  and  strand  exchange.”  Subse¬ 
quent  steps  entail  DNA  synthesis  to  replace  the  missing  infor¬ 
mation  followed  by  resolution  of  DNA  intermediates  to  yield 
two  intact  duplex  DNA  molecules  (6). 

The  homologous  DNA  pairing  activity  of  Rad51p  is  enhanced 
by  Rad54p  (7).  Rad54p  is  a  member  of  the  Swi2p/Snf2p  protein 
family  (8)  that  has  DNA-stimulated  ATPase  activity  and  phys¬ 
ically  interacts  with  Rad51p  (7,  9,  10).  Because  of  its  related¬ 
ness  to  the  Swi2p/Snf2p  family  of  ATPases,  Rad54p  may  have 
chromatin  remodeling  activities  in  addition  to  its  established 
role  in  facilitating  Rad5  lp-mediated  homologous  pairing  reac¬ 
tions.  In  this  study  we  show  that  RadSlp  and  Rad54p  mediate 
robust  D-loop  formation  with  a  chromatin  donor,  whereas  the 
bacterial  recombinase,  RecA,  can  only  function  with  naked 
DNA.  Furthermore,  we  find  that  the  ATPase  activity  of  Rad54p 
is  essential  for  D-loop  formation  on  chromatin  and  that  Rad54p 
can  use  the  free  energy  from  ATP  hydrolysis  to  enhance  the 
accessibility  of  nucleosomal  DNA.  Experiments  are  also  pre¬ 
sented  to  suggest  that  chromatin  remodeling  by  Rad54p  and 
yeast  SWI/SNF  involves  DNA  translocation. 

EXPERIMENTAL  PROCEDURES 

DNA — All  DNA  manipulations  were  carried  out  using  standard 
methods  (11).  Oligonucleotides  were  obtained  from  Operon  Technolo¬ 
gies  (Alameda,  CA).  Plasmid  pXG540  and  T4  EndonucleaseVII  used  in 
the  cruciform  extrusion  experiments  were  a  kind  gift  of  Dr.  T. 
Owen-Hughes. 

The  oligonucleotide  used  for  triplex  formation  was  TFO  (triplex¬ 
forming  oligonucleotide)  (5 ' -TTCTTTTCTTTCTTCTTTCTTT-3 ' ) .  To 


9212 


This  paper  is  available  on  line  at  http://www.jbc.org 


Chromatin  Remodeling  Activity  of  Rad54p 


generate  pMJ5,  the  annealed  oligonucleotides  TFOB5  (5-TCGAGAA- 
GAAAAGAAAGAAGAAAGAAAC-3 ' )  and  TFOB3  (5'-TCGAGT  TTCTT- 
TCTTCTTTCTTTITCTTC-S')  were  ligated  to  the  product  of  a  Xhol  di¬ 
gestion  carried  out  on  pCL7c  (12).  This  yielded  a  pBluescript  SKII  (-) 
plasmid  containing  5  head-to-tail  repeats  of  the  208-bp  Lytechinus 
variegatus  5S  rDNA  nucleosome  positioning  element  flanked  by  a  TFO- 
binding  site.  The  DNA  template  (208-11)  for  reconstituting  nucleoso- 
mal  arrays  for  the  ATPase,  remodeling,  and  Mnase  assays  consists  a 
Notl-Hindlll  fragment  derived  from  pCL7b  (12),  containing  11  head- 
to-tail  repeats  of  a  5S  rRNA  gene  from  L.  variegatus ,  each  one  possess¬ 
ing  a  nucleosome  positioning  sequence.  The  sixth  nucleosome  is  tagged 
by  a  unique  Sail  restriction  site. 

Reagent  Preparation — Recombinant  yeast  RadSlp,  Rad54p, 
rad54K341Ap,  and  rad54K341Rp  were  overexpressed  in  yeast  and  pu¬ 
rified  as  previously  described  (7).  SWI/SNF  purification  was  as  de¬ 
scribed  (13).  Histone  octamers  were  purified  from  chicken  erythrocytes 
as  described  by  Hansen  et  al.  (14).  Octamer  concentrations  were  deter¬ 
mined  by  measurements  of  A^o  (15).  Nucleosomal  array  DNA  tem¬ 
plates  (pXG540,  pMJ5,  or  208-11)  were  labeled  by  the  Klenow  polym¬ 
erase  fill-in  reaction  using  [a-32P]dCTP  (3000  /xCi/mmol,  Amersham 
Biosciences).  Nucleosomal  arrays  were  reconstituted  by  salt  dialysis  as 
previously  described  (13),  and  the  nucleosome  saturation  was  deter¬ 
mined  to  be  60-80%  by  digestion  analysis. 

D-loop  Reactions — Oligonucleotide  D1  (90-mer)  used  in  the  D-loop 
experiments  has  the  sequence:  5'-AAATCAATCTAAAGTATATATGA- 
GTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC- 
TATCTC AGCGATCTGTCTATTT-3 ' ,  being  complementary  to  positions 
1932-2022  of  pBluescript  SK(-)  replicative  form  I  DNA.  Oligonucleo¬ 
tide  D1  was  5'  end-labeled  with  32P  using  [y-32P]dATP  and  polynucle¬ 
otide  kinase,  as  described  (7).  Buffer  R  (35  mM  Tris-HCl,  pH  7.4,  2.0  mM 
ATP,  2.5  mM  MgCl2,  30  mM  KC1,  1  mM  DTT,  and  an  ATP-regenerating 
system  consisting  of  20  mM  creatine  phosphate  and  30  jig/ml  creatine 
kinase)  was  used  for  the  reactions;  all  of  the  incubation  steps  were 
carried  out  at  30  °C.  Rad51  (0.8  /am)  and  Rad54  (120  nM)  were  incubated 
with  radiolabeled  oligonucleotide  D1  (2.4  /am  nucleotides)  for  5  min  to 
assemble  the  pre synaptic  filament,  which  was  then  mixed  with  naked 
pBluescript  replicative  form  I  DNA  (38  pM  base  pairs)  or  the  same  DNA 
assembled  into  chromatin  (38  pu  base  pairs).  Chromatin  assembly  was 
monitored  by  following  topological  changes  as  well  as  measuring  the 
degree  of  occlusion  of  a  unique  EcoRI  restriction  site  close  to  the  D1 
sequence.  Substrates  were  estimated  to  be  —80%  saturated  with  nu- 
cleosomes.  The  reactions  containing  RecA  protein  (0.8  /am)  were  assem¬ 
bled  in  the  same  manner,  except  that  they  were  supplemented  with  an 
additional  12.5  mM  MgCl2  at  the  time  of  incorporation  of  the  duplex 
substrates.  At  the  indicated  times,  4-p\  portions  of  the  reactions  were 
withdrawn  and  mixed  with  an  equal  volume  of  1%  SDS  containing  1 
mg/ml  proteinase  K.  After  incubation  at  37  °C  for  5  min,  the  deprotein- 
ized  samples  were  run  in  1%  agarose  gels  in  TAE  buffer  (40  mM 
Tris-HCl,  pH  7.4,  0.5  mM  EDTA)  at  4  °C.  The  gels  were  dried,  and  the 
radiolabeled  DNA  species  were  visualized  and  quantified  by  Phosphor- 
Imager  analysis  (Personal  Molecular  Imager  FX,  Bio-Rad). 

ATPase  Assay— Recombinant  yeast  Rad54p  (1  nM)  was  incubated  at 
30  °C  or  37  °C  with  5  nM  of  either  naked  208-11  dsDNA  or  reconsti¬ 
tuted  nucleosomal  arrays  in  the  presence  of  100  /am  ATP,  2.5/xCi 
[y-32P]dATP  (6000  /ACi/mmol,  Amersham  Biosciences),  2.5%  glycerol, 
0.1%  Tween  20,  20  mM  Tris-HCl,  pH  8.0,  200  /am  DTT,  5  mM  MgCl2, 100 
pgf ml  BSA.  For  the  DNA  length-dependence  assays,  5  nM  Rad54p,  5  nM 
Rad51p,  or  10  nM  SWI/SNF  were  used.  Oligonucleotides  (random  N- 
mers  ranging  from  10-100  nucleotides  in  length)  were  PAGE-purified 
to  ensure  length  homogeneity  (Integrated  DNA  Technologies,  Inc.,  Cor- 
alville,  IA).  Samples  were  taken  after  2,  5,  15,  and  30  min  and  resolved 
by  TLC.  The  proportion  of  liberated  32P-pyrophosphate  was  determined 
using  the  Molecular  Dynamics  Phosphorlmager  and  ImageQuant  Soft¬ 
ware.  ATPase  assays  were  independently  repeated  3  times,  yielding 
very  similar  results. 

Cruciform  Formation  Assay — Cruciform  formation  assays  were  per¬ 
formed  as  previously  described  (16).  Briefly,  8  ng  of  Ava I-linearized 
pXG540  (either  naked,  N,  or  nucleosomal,  C)  were  incubated  with 
various  concentrations  of  Rad54,  Rad51,  or  rad54  K341A  and  0.15 
mg/ml  EndoVII  (except  where  noted),  in  the  presence  of  10  mM  Hepes, 
pH  7.9,  50  mM  NaCl,  3  mM  MgCl2,  5%  glycerol,  0.1  mM  DTT,  1  mM  ATP 
(except  where  noted),  3  mM  phosphoenolpyruvate,  and  20  units/ml 
pyruvate  kinase  for  30  min  at  30  °C.  The  products  were  resolved  in  1.2% 
agarose  gels  and  visualized  with  Sybr  Gold  staining  (Molecular  Probes, 
Eugene,  OR)  followed  by  analysis  with  ImageQuant  software. 

Chromatin-remodeling  Reaction — For  the  coupled  SWI/SNF-or 
Rad54-Sa/I  reactions,  reconstituted  208-11  nucleosomal  arrays  (—1  nM 
final  concentration)  were  preincubated  at  37  °C  for  20  min  with 
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2.5units//xl  Sail  in  a  buffer  containing  (final  concentrations)  50  mM 
NaCl,  5  mM  MgCl2,  1  mM  ATP,  3  mM  phosphoenolpyruvate,  10  units/ml 
pyruvate  kinase,  1  mM  DTT,  10  mM  Tris-HCl,  pH  8.0,  100  /Ag/ml  BSA, 
and  3%  glycerol.  Nucleosomal  arrays  were  —80%  saturated  with  nu- 
cleosomes.  Buffer,  2  nM  SWI/SNF  complex,  or  various  concentrations  of 
recombinant  Rad51p  and  Rad54p  were  added  and  samples  were  taken 
at  the  indicated  time  points,  vigorously  mixed  for  10s  with  25  /a1  TE  and 
50  /a1  1:1  solution  of  phenol/chloroform.  The  purified  DNA  fragments 
were  resolved  by  electrophoresis  in  1.2%  agarose  gels  in  the  presence  of 
50  /Ag/ml  ethidium  bromide.  The  gels  were  then  dried  on  3MM  What¬ 
man  paper.  The  fraction  of  cut  and  uncut  DNA  was  determined  by 
Phosphorlmager  analysis  using  a  Molecular  Dynamics  Phosphorlm¬ 
ager  and  ImageQuant  software.  Experiments  were  repeated  independ¬ 
ently  at  least  3  times,  which  yielded  very  similar  results. 

Microccocal  Nuclease  Digestion — 15  nM  reconstituted  208—11  nucleo¬ 
somal  arrays  were  incubated  at  37  °C  with  2  nM  SWI/SNF,  100  nM 
Rad54p,  or  buffer,  in  the  presence  of  2  mM  ATP,  5  mM  NaCl,  2.5  mM 
Tris-HCl,  pH  8.0,  0.25  mM  MgCl2,  0.3  mM  CaCl2,  3  mM  phosphoenol¬ 
pyruvate,  10  units/ml  pyruvate  kinase,  1  mM  DTT,  10  /Ag/ml  BSA,  0.5% 
glycerol.  After  20  min,  0.0005  units  of  Microccocal  Nuclease  (Worthing¬ 
ton)  was  added  to  the  reaction,  and  aliquots  were  taken  at  the  indicated 
time  points  and  then  treated  for  20  min  with  2  pg/pl  proteinase  K  and 
extracted  twice  with  a  1:1  solution  of  phenol:chloroform.  The  resulting 
digestion  products  were  resolved  by  electrophoresis  in  2%  agarose  gels, 
run  at  2.5  volts/cm  for  12  h.  The  gels  were  fixed,  dried,  and  analyzed 
using  a  Molecular  Dynamics  Phosphorlmager  and  ImageQuant 
Software. 

Triple-helix  Displacement  Assay — Triple-helix  formation  was  per¬ 
formed  as  described  (17).  Briefly,  equimolar  concentrations  (100  nM)  of 
Sspl-linearized  pMJ5  and  32P-labeled  TFO  were  mixed  in  buffer  MM 
(25  mM  MES,  pH  5.5,  10  mM  MgCl2)  at  57  °C  for  15  min  and  left  to  cool 
to  room  temperature  overnight.  The  resulting  triplex  was  either  used 
directly  or  reconstituted  into  nucleosomal  arrays.  To  introduce  nicks 
into  the  DNA,  pMJ5  was  exposed  to  various  concentrations  of  DNasel 
(Promega,  Madison,  WI)  for  2  min  at  37  °C,  the  reactions  were  stopped 
with  5  mM  EDTA,  vigorously  mixed  for  10  s  with  a  1:1  solution  of 
phenol/chloroform,  ethanol-precipitated,  and  resuspended  in  water. 
The  degree  of  nicking  introduced  by  DNasel  treatment  was  assessed  by 
electrophoretic  analysis  of  native  and  heat-denatured  samples  (in  the 
presence  of  15%  formamide)  on  denaturing  1.3%  agarose  gels,  followed 
by  Sybr  Gold  Stain  (Molecular  Probes,  Eugene,  OR). 

The  triplex-containing  substrates  (5  nM)  were  incubated  at  30  °C 
with  5  nM  recombinant  Rad54  protein  or  SWI/SNF  complex,  in  a  buffer 
containing  35  mM  Tris-HCl,  pH  7.2,  3  mM  MgCl2,  100  /Ag/ml  BSA,  50  mM 
KC1,  1  mM  DTT,  3  mM  phosphocreatine,  28  /Ag/ml  creatine  phosphoki- 
nase,  and  where  noted,  3  mM  ATP.  Samples  were  taken  at  the  indicated 
time  points,  the  reactions  were  quenched  with  GSMB  buffer  (15%  (w/v) 
glucose,  3%  (w/v)  SDS,  250  mM  4-morpholinepropanesulfonic  acid,  pH 
5.5,  0.4  mg/ml  bromphenol  blue),  and  analyzed  in  1.2%  agarose  gels  (40 
mM  Tris  acetate,  5  mM  sodium  acetate,  1  mM  MgCl2,  pH  5.5)  at  10 
volts/cm  for  1.5  h  at  4  °C.  Gels  were  fixed  in  5%  acetic  acid,  50% 
methanol  for  1  h,  and  dried.  The  proportion  of  bound  and  free  TFO  was 
determined  using  a  Molecular  Dynamics  Phosphorlmager  and  Image¬ 
Quant  Software. 

RESULTS 

Rad51p  and  Rad54p  Promote  DNA  Pairing  with  a  Chroma¬ 
tin  Donor — Repair  of  a  DSB  by  homologous  recombination  be¬ 
gins  with  the  invasion  of  a  double-stranded,  homologous  donor 
by  a  Rad51-ssDNA  nucleoprotein  filament,  also  referred  to  as 
the  presynaptic  filament.  This  strand  invasion  reaction  is  typ¬ 
ically  monitored  in  vitro  by  following  the  Rad51p-dependent 
formation  of  a  D-loop  between  a  radiolabeled  oligonucleotide 
and  a  homologous  double-stranded  DNA  donor  (Fig.  1A).  In  this 
case,  efficient  D-loop  formation  also  requires  the  ATPase  activ¬ 
ity  of  Rad54p.  In  vivo,  however,  the  search  for  homology  and 
strand  invasion  involves  a  homologous  donor  that  is  assembled 
into  chromatin.  Given  that  the  Rad54p  ATPase  shows  sequence 
relatedness  to  known  chromatin  remodeling  enzymes,  it  was  of 
considerable  interest  to  examine  the  ability  of  Rad54p  to  pro¬ 
mote  Rad51p -dependent  D-loop  formation  with  a  nucleosomal 
donor. 

Fig.  1  shows  the  results  of  D-loop  assays  that  use  either  a 
circular,  naked  DNA  donor  or  this  same  circular  DNA  assem¬ 
bled  into  nucleosomes.  Consistent  with  previous  studies,  the 
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Fig.  1.  Rad51p  and  Rad54p  promote  efficient  DNA  strand  in¬ 
vasion  with  chromatin.  A,  schematic  of  the  D-loop  reaction.  A  radio- 
labeled  oligonucleotide  (ss)  pairs  with  a  homologous  duplex  target 
(i dsDNA )  to  yield  a  D-loop,  which,  after  separation  from  the  free  oligo¬ 
nucleotide  on  an  agarose  gel,  is  visualized  and  quantified  by  Phospho- 
rlmager  analysis  of  the  dried  gel.  B,  panel  I  shows  D-loop  reactions 
mediated  by  Rad51p  and  Rad54p  with  the  naked  homologous  duplex 
( Naked  DNA)  and  the  homologous  duplex  assembled  into  chromatin 
0 Chromatin ).  The  results  from  the  experiments  in  panel  I  are  graphed 
in  panel  II.  The  ordinate  refers  to  the  proportion  of  the  homologous 
duplex  converted  into  D-loop.  C,  panel  I  shows  D-loop  reactions  mediated 
by  RecA  with  the  naked  homologous  duplex  ( Naked  DNA)  and  the 
homologous  duplex  assembled  into  chromatin  {Chromatin).  The  results 
from  the  experiments  in  panel  I  are  graphed  in  panel  II.  D ,  panel  I 
shows  D-loop  reactions  in  which  Rad51p  and  RecA  were  used  either 
alone  or  in  conjunction  with  Rad54p  or  rad54  mutant  variants  with  the 
naked  homologous  duplex  ( Naked  DNA)  and  the  homologous  duplex 
assembled  into  chromatin  {Chromatin)y  as  indicated.  ATP  was  omitted 
from  the  reaction  in  lane  5,  and  ATPyS  (y S)  and  AMP-PNP  (PNP) 
replaced  ATP  in  lanes  6  and  7,  respectively.  The  reactions  in  lanes  8  and 
9  contained  ATP,  but  Rad54p  was  replaced  with  the  ATPase-defective 
variants  rad54  K341A  (KA)  and  rad54  K341R  {KR),  respectively.  The 
results  from  the  experiments  in  panel  I  are  summarized  in  the  bar 
graph  in  panel  II. 


combination  of  yeast  Rad51p  and  Rad54p  led  to  rapid  and 
highly  efficient  D-loop  formation  on  the  naked  DNA  donor 
(Fig.  LB).  A  similar  level  of  D-loop  formation  was  also  ob¬ 
tained  when  the  bacterial  recombinase  RecA  was  used  in 
these  assays  with  naked  DNA  (Fig.  1C).  Surprisingly,  assem¬ 
bly  of  the  circular  donor  into  chromatin  had  no  effect  on  the 
efficiency  of  D-loop  formation  by  RadSlp  and  Rad54p  (Fig. 
IB).  D-loop  formation  on  the  chromatin  donor  required  ATP 
hydrolysis  by  Rad54p,  because  nonhydrolyzable  ATP  analogs 
(ATPyS  and  AMP-PNP)  were  unable  to  substitute  for  ATP 
(Fig.  1C,  panel  7,  lanes  6  and  7),  and  two  ATPase-defective 
mutant  variants  of  Rad54p,  rad54K341Ap  and  rad54K341Rp 
(18),  were  inactive  (Fig.  ID).  In  contrast  to  reactions  that 
contained  Rad51p/Rad54p,  the  activity  of  RecA  was  com¬ 
pletely  eliminated  when  the  donor  was  assembled  into  nu- 
cleosomes  (Fig.  1C).  Furthermore,  addition  of  Rad54p  to  the 
RecA  reaction  did  not  rescue  D-loop  formation  on  chromatin 
(Fig.  ID,  panel  7,  lane  11).  Thus,  the  eukaryotic  recombina¬ 


FiG.  2.  Nucleosomal  DNA  protects  Rad54p  from  thermal  inac¬ 
tivation.  ATPase  assays.  1  nM  Rad54p  was  incubated  at  30  °C  with  no 
DNA  {circles),  5  nM  naked  {closed  squares)  or  nucleosomal  dsDNA 
{closed  triangles),  or  at  37  °C  with  5  nM  naked  {open  squares)  or  nucleo¬ 
somal  dsDNA  {open  triangles).  Samples  were  taken  after  2,  5, 15,  and  30 
min. 


tion  proteins  have  the  unique  capability  of  performing  the 
DNA  strand  invasion  reaction  with  a  chromatin  donor. 

Nucleosomal  DNA  Protects  Rad54p  from  Thermal  Denatur- 
ation — The  ATPase  activity  of  Rad54p  is  required  for  many  of 
its  biological  functions  in  vivo  and  for  enhancing  Rad51p-me- 
diated  homologous  DNA  pairing  reactions  in  vitro ,  both  on 
naked  DNA  (18)  and  on  chromatin  (Fig.  ID).  Given  the  latter 
finding,  we  were  interested  in  determining  whether  chromatin 
influences  the  ATPase  activity  of  Rad54p. 

As  shown  in  Fig.  2,  both  naked  DNA  ( solid  squares)  and 
chromatin  {solid  triangles)  stimulated  the  ATPase  activity  of 
Rad54p  at  30  °C,  with  naked  DNA  being  somewhat  more  effec¬ 
tive.  At  the  low  protein  concentrations  at  which  these  assays 
were  performed  (1  nM),  purified  Rad54p  is  extremely  tempera¬ 
ture-labile  and  is  rapidly  inactivated  at  37  6C  (Fig.  2;  Ref.  36). 
Thus,  as  expected,  the  ATPase  activity  of  Rad54p  was  not 
detectable  in  the  presence  of  naked  DNA  when  the  reactions 
were  performed  at  37  °C  (Fig.  2,  open  squares).  Importantly, 
when  the  reaction  was  carried  out  in  the  presence  of  chromatin 
{open  triangles ),  the  rate  of  ATP  hydrolysis  at  37  °C  was  even 
greater  than  the  rate  obtained  in  reactions  conducted  at  30  °C. 
Importantly,  there  was  no  measurable  ATPase  activity  associ¬ 
ated  with  the  nucleosomal  arrays  in  the  absence  of  Rad54p, 
and  BSA,  free  histones,  and  replication  protein  A  were  unable 
to  stimulate  the  DNA-stimulated  ATPase  activity  of  Rad54p  at 
37  °C.  These  results  indicate  that  nucleosomal  DNA  is 
uniquely  able  to  protect  Rad54p  from  thermal  inactivation,  and 
these  data  suggest  that  Rad54p  may  physically  interact  with 
nucleosomes. 

Rad54  Generates  Unconstrained  Superhelical  Torsion  in  Nu¬ 
cleosomal  DNA — A  number  of  chromatin  remodeling  complexes 
that  contain  Swi2/Snf2 -related  ATPases  have  been  shown  to 
alter  chromatin  structure  by  generating  superhelical  torsion  in 
DNA  and  nucleosomal  arrays  (16).  Indeed,  the  ability  to  intro¬ 
duce  superhelical  stress  may  represent  a  primary  biomechani¬ 
cal  activity  of  all  Swi2/Snf2-like  ATP-dependent  DNA  motors, 
and  this  activity  is  likely  to  be  crucial  for  catalyzing  alterations 
in  chromatin  structure.  Previous  studies  have  shown  that 
Rad54p  can  also  generate  both  negative  and  positive  super- 
coiled  domains  in  dsDNA,  and  it  has  been  suggested  that  this 
activity  reflects  the  tracking  of  Rad54p  along  DNA  (19,  20). 

We  investigated  whether  Rad54p  is  able  to  introduce  super¬ 
helical  torsion  on  nucleosomal  substrates,  using  a  cruciform 
extrusion  test  that  has  been  used  for  examining  other  chroma¬ 
tin  remodeling  enzymes  (Fig.  3A).  In  this  assay,  superhelical 
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Fig.  3.  Rad54  generates  superheli¬ 
cal  torsion  on  nucleosomal  DNA.  A, 

schematic  illustration  of  the  cruciform 
extrusion  assay.  A  linearized  plasmid 
( pXG540 )  containing  an  inverted  repeat 
sequence  is  incubated  with  T4  Endonucle¬ 
ase  VII,  a  highly  selective  junction  resolv¬ 
ing  enzyme,  and  Rad54p,  in  the  presence 
of  ATP.  Rad54p  increases  the  local  uncon¬ 
strained  superhelical  density,  resulting  in 
the  extrusion  of  a  cruciform  structure, 
which  is  recognized  and  cut  by  Endo  VII. 
Adapted  from  Havas  et  al  (16).  B ,  results 
of  a  typical  cruciform  formation  assay. 
Supercoiled  ( lanes  1,  2),  Aual-linearized 
pXG540  DNA  ( lanes  3-10 ,  19 ),  or  nucleo¬ 
somal  pXG540  ( lanes  11-18 ,  20)  was  in¬ 
cubated  with  12.5,  25,  or  50  nM  Rad54p  as 
indicated,  in  the  presence  or  absence  of 
100  nM  Rad51p.  EndoVII  was  omitted  in 
lane  1.  ATP  was  omitted  in  lanes  19  and 
20.  The  numbers  below  each  lane  (%  cut ) 
represent  the  percentage  of  pXG540  mol¬ 
ecules  cleaved  by  EndoVII.  s.c.,  super- 
coiled  substrate;  C,  chromatin  substrate; 
N,  naked  linear  DNA  substrate. 
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torsion  leads  to  extrusion  of  a  cruciform  that  is  then  recognized  A 
and  cleaved  by  bacteriophage  T4  endonuclease  VII  that  has 
high  specificity  for  this  DNA  structure  (16).  Consistent  with 
previous  studies  (19),  Rad54p  action  generates  torsional  stress 
on  a  linear,  dsDNA  substrate  (AO  which  leads  to  cruciform 
extrusion  (Fig.  35,  lanes  4-6).  Importantly,  Rad54p  was  able  to 
generate  torsional  stress  on  the  nucleosomal  substrate  (C)  with 
comparable  efficiency  {lanes  12-14).  The  addition  of  100  nM 
Rad51p  greatly  stimulated  the  ability  of  Rad54p  to  promote  the 
formation  of  cruciform  structures  on  both  naked  and  nucleoso¬ 
mal  substrates  (compare  lanes  4  and  8,  and  12  and  16 ,  respec¬ 
tively.  Also  note  the  decreased  levels  of  linear  template  in  lanes 
16-18).  Importantly,  RadSlp  fails  to  support  cruciform  forma¬ 
tion  by  itself  {lanes  7  and  15).  As  expected,  the  generation  of 
torsional  stress  required  ATP  {lanes  19  and  20).  Furthermore, 
the  ATP  hydrolysis  mutant  variant  rad54  K341A  was  inactive 
in  these  assays  (data  not  shown).  These  data  indicate  that 
Rad54p,  like  other  Swi2/Snf2  family  members,  uses  the  free 
energy  from  ATP  hydrolysis  to  alter  DNA  topology  and  that 
nucleosomal  arrays  constitute  excellent  substrates  for  this 
activity. 

Rad54p  Can  Disrupt  a  DNA  Triple  Helix — How  Rad54p  in¬ 
troduces  topological  stress  in  nucleosomal  DNA  is  unclear. 
Previously,  we  suggested  that  superhelical  torsion  might  result 
from  translocation  of  Rad54p  along  the  DNA  double  helix  (19). 
Recently,  chromatin  remodeling  by  the  yeast  RSC  complex 
(which  contains  the  Swi2/Snf2-related  ATPase,  Sthlp)  has 
been  shown  to  involve  ATP-dependent  DNA  translocation  (21). 

To  further  evaluate  the  ability  of  Rad54p  to  translocate  on 
DNA,  we  used  a  DNA  triple-helix-displacement  assay  that  was 
originally  developed  to  follow  the  translocation  of  a  type  I 
restriction  endonuclease  along  DNA  (17).  The  substrate  used 
(see  Fig.  4A)  consists  of  a  radioactively  labeled  oligonucleotide 
(TFO*)  bound  via  Hoogsteen  hydrogen  bonds  to  the  major 
groove  of  a  2.5-kb  linear  dsDNA.  Translocation  of  a  protein 
along  the  DNA  displaces  the  triplex,  which  can  be  detected  as 
dissociation  of  the  radioactive  TFO*  from  the  DNA  triplex.  Fig. 

4 B  shows  typical  levels  of  triplex  displacement  in  the  absence 
or  presence  of  Rad54p  or  yeast  SWI/SNF.  Both  Rad54p  and 
ySWI/SNF  were  able  to  efficiently  displace  a  preformed  triplex 
from  both  naked  {squares)  and  nucleosomal  {triangles)  sub¬ 
strates  in  an  ATP-dependent  manner.  Similar  results  were 


Ho  Enzyme  R*d54p  +  ATP  RadS4p  -  ATP 

Time  {MMtm  V  \0  30  60  i  10  30  €0  5  10  .39  $0 

pMjwo-  ;i*  m  m  m  m  m  m  M  fc  m  m. 

. "  . .  triplex  :•>  '• 

w  !#■  4  n-: 


Ho  Eezywe 


(minute*} 


Fig.  4.  Rad 54 p  action  displaces  a  preformed  triplex.  A,  typical 
results  obtained  with  naked  triplex-containing  substrate.  The  upper 
band  corresponds  to  the  duplex-bound  TFO*;  the  lower  band  corre¬ 
sponds  to  free  TFO*.  Reactions  contained  5  nM  triplex  substrate  and  5 
nM  Rad54p.  £,  percentage  of  free  TFO*  in  four  or  more  experiments 
were  averaged  and  plotted  as  a  function  of  time.  Note  that  triplex 
displacement  from  the  nucleosomal  template  occurs  at  equal  efficiency 
to  that  of  naked  DNA. 

obtained  when  the  TFO*-bound  substrate  contained  single¬ 
strand  nicks  (data  not  shown),  strongly  suggesting  that  the 
displacement  of  the  TFO*  reflects  translocation  of  Rad54p  and 
ySWI/SNF  and  that  it  is  not  due  simply  to  the  generation  of 
torsional  stress.  Thus,  yeast  RSC  (21),  ySWI/SNF,  and  Rad54p 
(Fig.  4)  all  share  the  ability  to  use  the  free  energy  from  ATP 
hydrolysis  to  disrupt  triplex  DNA. 

Rad54p  Has  ATPase  Kinetics  Diagnostic  of  a  DNA-translo- 
cating  Enzyme — The  “inch-worm”  model  for  DNA  transloca¬ 
tion,  originally  envisioned  (22)  for  DNA  helicases  and  later 
modified  by  Velankar  et  al.  (23),  proposes  that  the  translocat¬ 
ing  enzyme  progresses  along  the  contour  of  the  DNA  in  steps  of 
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Fig.  5.  Rad54  has  ATPase  kinetics  typical  of  a  unidirectional 
DNA  translocating  enzyme.  The  rate  of  ATP  hydrolysis  by  5  nM 
Rad54p  {diamonds),  5  nM  Rad54p  +  5  nM  Rad51p  {squares),  or  10  nM 
SWI/SNF  {triangles)  was  measured  in  the  presence  of  50  /llM  ssDNA 
(n-mers)  oligonucleotides  of  different  lengths.  The  average  values  from 
3  independent  experiments  were  plotted.  Rates  were  determined  from 
experiments  with  at  least  four  time  points. 

a  single  base,  and  each  step  requires  the  hydrolysis  of  one  ATP 
molecule.  This  model  predicts  that  the  rate  of  ATP  hydrolysis  of 
a  unidirectional  DNA  translocating  enzyme  will  depend  on  the 
length  of  the  DNA  (24). 

To  investigate  whether  Rad54p  has  ATPase  properties  char- 
acteristic  of  a  unidirectional  DNA  translocating  enzyme,  the 
rate  of  ATP  hydrolysis  was  measured  in  the  presence  of  satu¬ 
rating  amounts  of  single-stranded  oligonucleotides  ranging 
from  10  to  100  nucleotides  in  length  (Fig.  5).  For  comparison, 
we  also  monitored  the  ATPase  activity  of  yeast  SWI/SNF  {tri¬ 
angles).  In  the  case  of  Rad54p,  oligonucleotides  shorter  than  40 
bases  failed  to  stimulate  the  ATPase  activity  of  Rad54p  {dia¬ 
monds),  whereas  oligonucleo tides  between  40  and  70  bases  led 
to  a  stimulation  of  ATPase  activity  that  was  proportional  to 
DNA  length.  For  oligonucleotides  longer  than  70  bases,  the 
ATPase  activity  no  longer  increased  with  the  DNA  length. 
When  Rad51p  was  added  to  these  reactions  (squares),  shorter 
oligonucleotides  became  more  effective  in  promoting  ATP  hy¬ 
drolysis,  and  the  overall  activity  was  enhanced.  Likewise,  the 
ATPase  activity  of  ySWI/SNF  (triangles)  was  also  proportional 
to  the  DNA  length,  with  a  plateau  reached  at  60  bases. 

These  results  are  fully  consistent  with  both  Rad54p  and 
ySWI/SNF  coupling  ATP  hydrolysis  to  unidirectional  translo¬ 
cation,  in  which  the  rate  of  DNA  binding  is  slower  than  the  rate 
of  DNA  translocation  (21).  In  this  case,  no  ATP  hydrolysis  is 
observed  with  very  short  substrates,  presumably  because  a 
minimum  DNA  length  is  required  for  Rad54p  or  ySWI/SNF  to 
bind  and  to  translocate  before  reaching  an  end  and  releasing 
the  DNA.  When  the  substrate  is  —30-40  nucleotides  in  length, 
Rad54p  and  ySWI/SNF  readily  bind  the  substrate,  and  more 
extended  translocation  events  take  place.  The  rate  of  ATP 
hydrolysis  is  fairly  constant  with  DNA  substrates  longer  than 
60-70  nucleotides,  reflecting  the  possibility  that  Rad54p  and 
ySWI/SNF  have  little  processivity,  and  thus  they  release  their 
substrate  after  —60-70  bases  regardless  of  the  total  length  of 
the  DNA  molecule.  Although  the  triphasic  kinetics  of  ATPase 
activity  are  consistent  with  a  DNA-translocation  mechanism,  it 
remains  a  possibility  that  the  longer  single-stranded  oligonu¬ 
cleotides  exhibit  more  extended  secondary  structures  that  are 
either  more  proficient  at  binding  Rad54p  (or  SWI/SNF)  or 
stimulating  its  ATPase  activity. 

Rad54  Is  an  ATP-dependent  Chromatin  Remodeling  En¬ 
zyme — Cairns  and  colleagues  (21)  proposed  that  short-range 
translocation  events  may  be  the  key  feature  of  chromatin  re¬ 
modeling  enzymes,  leading  to  a  “pumping”  of  DNA  across  the 


surface  of  the  histone  octamer,  which  then  results  in  enhanced 
DNA  accessibility  and  nucleosome  movements.  To  investigate 
whether  Rad54p  might  also  enhance  the  accessibility  of  nucleo- 
somal  DNA,  we  used  an  assay  in  which  nucleosome  remodeling 
activity  is  coupled  to  restriction  enzyme  activity  such  that 
remodeling  is  revealed  as  an  enhancement  of  restriction-en¬ 
zyme  cleavage  rates  (12).  This  assay  uses  a  nucleosomal  array 
substrate  in  which  the  central  nucleosome  of  an  11-mer  array 
contains  a  unique  Sail  site  located  at  the  predicted  dyad  axis  of 
symmetry  (see  Fig.  6A).  In  the  absence  of  a  remodeling  enzyme, 
the  rate  of  Sail  cleavage  is  very  slow  (Fig.  6A,  solid  diamonds), 
whereas  addition  of  a  remodeling  enzyme,  such  as  yeast  SWI/ 
SNF,  leads  to  enhanced  digestion  (Fig.  6A,  solid  squares). 
When  Rad54p  was  added  to  the  remodeling  reactions,  Sail 
digestion  was  also  dramatically  enhanced  (solid  circles,  trian¬ 
gles),  although  a  higher  concentration  of  this  protein  (50  nM) 
was  required  to  achieve  a  rate  of  digestion  comparable  with 
that  of  reactions  that  contained  yeast  SWI/SNF  (2  nM,  squares). 
However,  when  Rad51p  (50  nM)  and  Rad54p  (50  nM)  were  both 
present  in  the  reaction,  much  higher  levels  of  remodeling  were 
attained  (open  circles).  Note  that  Rad51p  has  no  intrinsic  chro¬ 
matin  remodeling  activity  (open  diamonds).  The  stimulation  of 
the  Rad54p  chromatin  remodeling  activity  by  RadSlp  is  con¬ 
gruent  with  previous  studies  showing  that  RadSlp  enhances 
the  rate  of  ATP  hydrolysis  and  DNA  supercoiling  by  Rad54p 
(19,  25,  see  Fig.  3).  Thus,  the  above  data  indicate  that  Rad54p 
is  sufficient  for  chromatin  remodeling  activity  but  that  the 
combination  of  Rad51p  and  Rad54p  constitutes  a  more  potent 
remodeling  machine. 

Rad54p  Does  Not  Induce  Significant  Nucleosome  Mobiliza¬ 
tion — A  number  of  chromatin  remodeling  complexes  that  con¬ 
tain  a  Swi2/Snf2-related  ATPase  (ySWI/SNF,  dCHRAC, 
dNURF,  and  xMi-2)  can  use  the  energy  of  ATP  hydrolysis  to 
move  nucleosomes  in  cis  (26-30).  To  investigate  whether 
Rad54p  can  also  catalyze  nucleosome  mobilization,  32P-end- 
labeled  nucleosomal  arrays  were  incubated  with  buffer,  ySWI/ 
SNF,  or  Rad54p,  and  nucleosome  positions  were  mapped  by 
micrococcal  nuclease  (Mnase)  digestion  (Fig.  6J3).  Mnase  can 
only  cleave  DNA  between  nucleosomes,  which  leads  to  a  peri¬ 
odic  ladder  of  digestion  products  indicative  of  a  positioned 
11-mer  nucleosomal  array  (Fig.  6B).  Consistent  with  our  pre¬ 
vious  studies,  incubation  with  ySWI/SNF  (2  nM)  and  ATP  leads 
to  a  complete  disruption  of  the  Mnase  digestion  pattern,  indic¬ 
ative  of  nucleosome  sliding  (Fig.  6B,  left  panel,  also  see  Ref.  28). 
In  contrast,  addition  of  Rad54p  (100  nM)  and  ATP  had  very 
little  effect  on  the  cleavage  periodicity  (Fig.  6R,  right  panel). 
Likewise,  addition  of  both  RadSlp  and  Rad54p  (100  nM  each)  to 
these  assays  did  not  change  the  Mnase  digestion  profile  (data 
not  shown).  Importantly,  these  experiments  used  concentra¬ 
tions  of  ySWI/SNF  and  Rad54p  that  yielded  similar  levels  of 
chromatin  remodeling  in  the  restriction  enzyme  accessibility 
assay  (Fig.  6A).  Thus,  although  Rad54p  can  enhance  the  acces¬ 
sibility  of  nucleosomal  DNA  to  restriction  enzymes,  this  activ¬ 
ity  does  not  appear  to  reflect  large  scale  rearrangement  of 
nucleosome  positions. 

DISCUSSION 

In  eukaryotes,  chromatin  presents  an  accessibility  dilemma 
for  all  DNA-mediated  processes,  including  gene  transcription 
and  DNA  repair.  Although  much  progress  has  been  made  on 
identifying  the  enzymes  that  remodel  chromatin  structure  to 
facilitate  transcription,  less  is  known  of  how  the  DNA-repair 
machinery  gains  access  to  damaged  DNA  within  chromatin 
(reviewed  in  Ref.  31).  In  particular,  it  has  not  been  clear  how 
the  recombinational  repair  machinery  can  locate  short  regions 
of  DNA  homology  when  those  DNA  donor  sequences  are  assem¬ 
bled  into  chromatin.  Here  we  have  shown  that  the  yeast  re- 
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Fig.  6.  Rad54  is  an  ATP-dependent  chromatin  remodeling  enzyme.  A,  various  concentrations  of  recombinant  Rad54p  were  tested  for 
chromatin-remodeling  activity  in  a  coupled  remodeling-restriction  enzyme  cleavage  assay.  The  nucleosomal  substrate  was  incubated  with  50  nM 
{closed  circles)  or  480  nM  Rad54p  0 triangles ),  100  nM  RadSlp  {open  diamonds ),  50  nM  Rad54p  +  50  nM  RadSlp  {open  circles),  2  nM  ySWI/SNF 
{squares),  or  buffer  {closed  diamonds).  B ,  208-11  reconstituted  nucleosomal  arrays  were  incubated  at  37  °C  with  2  nM  SWI/SNF,  100  nM  Rad54p, 
or  buffer  (control  lanes).  Aliquots  were  treated  with  Mnase  for  the  indicated  times.  The  arrowheads  in  the  left  panel  indicate  the  alternate  banding 
pattern  as  a  result  of  SWI/SNF-induced  nucleosome  movement. 


combination  proteins,  RadSlp  and  Rad54p,  are  sufficient  to 
promote  heteroduplex  DNA  joint  formation  with  chromatin.  In 
contrast,  the  bacterial  recombinase  RecA  is  completely  inactive 
with  a  chromatin  donor.  The  unique  capacity  of  the  eukaryotic 
machinery  to  contend  with  chromatin  likely  reflects  the  chro¬ 
matin-remodeling  activity  of  Rad54p,  in  which  the  free  energy 
from  ATP  hydrolysis  enhances  the  accessibility  of  nucleosomal 
DNA.  Strand  invasion  with  chromatin  may  also  require  a  spe¬ 
cific  interaction  between  Rad51p  and  Rad54p  because  the  chro¬ 
matin  remodeling  activity  of  Rad54p  does  not  facilitate  RecA- 
dependent  D-loop  formation  with  chromatin  (Fig.  ID).  Recently, 
Alexiadis  and  Kadonaga  have  reported  that  the  Drosophila 
RadSl  and  Rad54  proteins  can  also  facilitate  strand  invasion 
with  chromatin  (35). 

How  Does  Rad54p  Remodel  Chromatin  Structure ? — Several 
studies  have  shown  that  SWI/SNF-like  chromatin  remodeling 
enzymes  can  perform  two  separable  reactions:  1)  they  can  use 
the  free  energy  from  ATP  hydrolysis  to  enhance  the  accessibil¬ 
ity  of  nucleosomal  DNA  and  2)  they  can  use  this  free  energy  to 
mobilize  nucleosomes  in  cis  (reviewed  in  Ref.  32).  Recent  work 
from  Cairns  and  colleagues  have  suggested  that  both  of  these 
activities  may  be  caused  by  ATP-dependent  “pumping”  of  DNA 
into  the  nucleosome  (21).  In  this  model,  small  amounts  of  DNA 
translocation  might  lead  to  transient  exposure  of  small  “loops” 
of  DNA  on  the  surface  of  the  histone  octamer,  whereas  larger 
quantities  of  DNA  “pumped”  into  the  nucleosome  would  lead  to 
changes  in  nucleosome  positions.  Our  data  support  this  model, 
as  we  find  that  both  yeast  SWI/SNF  and  Rad54p,  like  yeast 
RSC  (21),  can  disrupt  a  DNA  triplex  in  an  ATP-dependent 
reaction,  presumably  by  translocation  of  DNA  along  the  surface 
of  the  enzyme  or  by  translocation  of  the  enzyme  along  the  DNA. 
Furthermore,  the  ATPase  activities  of  ySWI/SNF  and  Rad54p 


are  sensitive  to  DNA  length,  which  is  diagnostic  of  DNA-trans- 
locating  enzymes  (21). 

Although  ySWI/SNF  and  Rad54p  can  both  enhance  the  ac¬ 
cessibility  of  nucleosomal  DNA,  only  ySWI/SNF  appears  to  be 
proficient  at  changing  nucleosome  positioning.  This  result  sug¬ 
gests  that  the  precise  mechanism  of  chromatin  remodeling  by 
Rad54p  may  be  distinct  from  that  of  ySWI/SNF.  For  instance, 
Rad54p  may  only  be  able  to  pump  small  amounts  of  DNA 
across  the  histone  octamer  surface.  Alternatively,  Rad54p  may 
translocate  along  DNA,  rather  than  pumping  DNA  into  the 
nucleosome.  In  this  model,  Rad54p  may  “pull”  the  RadSl- 
ssDNA  nucleoprotein  filament  along  the  chromatin  fiber,  lead¬ 
ing  to  changes  in  nucleosomal  DNA  topology  and  DNA  acces¬ 
sibility.  Such  a  DNA  tracking  mechanism  might  play  a  key  role 
in  facilitating  both  the  search  for  homology  as  well  as  the 
strand  invasion  step. 

Multiple  Roles  for  Rad54p  during  Homologous  Recombina¬ 
tion — Our  results  suggest  that  Rad54p  is  an  extremely  versa¬ 
tile  recombination  protein  that  plays  key  roles  in  several  steps 
of  homologous  recombination.  Recently,  we  found  that  Rad54p 
is  required  for  optimal  recruitment  of  RadSlp  to  a  double 
strand  break  in  vivo ,  and  likewise  Rad54p  can  promote  forma¬ 
tion  of  the  pre synaptic  filament  in  vitro  by  helping  RadSlp 
contend  with  the  inhibitory  effects  of  the  ssDNA-binding  pro¬ 
tein  replication  protein  A.2  Several  studies  over  the  past  few 
years  have  also  shown  that  the  ATPase  activity  of  Rad54p 
plays  key  roles  subsequent  to  formation  of  the  presynaptic 
filament.  For  instance,  Rad54p  is  required  for  the  RadSlp- 
nucleoprotein  filament  to  form  a  heteroduplex  joint  DNA  mol- 


'  2  B.  Wolner,  S.  Van  Komen,  P.  Sung,  and  C.L.  Peterson,  submitted  for 
publication. 
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ecule,  even  when  the  homologous  donor  is  naked  DNA  (Fig.  1A; 
see  also  Refs.  7,  18,  33).  In  this  case,  it  has  been  proposed  that 
Rad54p  might  use  the  free  energy  from  ATP  hydrolysis  to 
translocate  along  DNA,  which  facilitates  the  homology  search 
process.  This  DNA-translocation  model  is  fully  consistent  with 
our  findings  that  Rad54p  can  displace  a  DNA  triplex  and  that 
the  ATPase  activity  of  Rad54p  is  proportional  to  DNA  length. 
Rad54p  also  stimulates  heteroduplex  DNA  extension  of  estab¬ 
lished  joint  molecules  (34).  Finally,  we  have  shown  that 
Rad54p  is  required  for  RadSlp-dependent  heteroduplex  joint 
molecule  formation  with  a  chromatin  donor.  In  this  case,  our 
results  suggest  that  the  ATPase  activity  of  Rad54p  is  used  to 
translocate  the  enzyme  along  the  nucleosomal  fiber,  generating 
superhelical  torsion,  which  leads  to  enhanced  nucleosomal 
DNA  accessibility.  It  seems  likely  that  this  chromatin  remod¬ 
eling  activity  of  Rad54p  might  also  facilitate  additional  steps 
after  heteroduplex  joint  formation.  Future  studies  are  now 
poised  to  reconstitute  the  complete  homologous  recombina- 
tional  repair  reaction  that  fully  mimics  each  step  in  the  repair 
of  chromosomal  DNA  double  strand  breaks  in  vivo. 
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ABSTRACT 

Immortalized  cells  maintain  telomere  length  through  either  a  telomer- 
ase- dependent  process  or  a  telomerase-independent  pathway  termed  al¬ 
ternative  lengthening  of  telomeres  (ALT).  Homologous  recombination  is 
implicated  in  the  ALT  pathway  in  both  yeast  and  human  ALT  cells.  In 
ALT  cells,  two  types  of  DNA  double-strand  break  repair  and  homologous 
recombination  factors,  the  Rad50/Mrell/NBSI  complex  and  Rad51/ 
Rad52  along  with  replication  factors  (RPA)  and  telomere  binding  proteins 
(TRF1  and  TRF2),  are  associated  with  the  ALT-associated  PML  body 
(APB).  DNA  synthesis  in  late  S-G2  is  associated  with  APBs,  which  contain 
telomeric  DNA  and,  are  therefore,  potential  sites  for  telomere  length 
maintenance.  Here,  we  show  that  the  breast  cancer  susceptibility  gene 
product,  breast  cancer  susceptibility  gene  1,  and  the  human  homologue  of 
yeast  Rapl,  hRapl,  are  also  associated  with  APBs  specifically  during  late 
S-G2  phase  of  the  cell  cycle.  We  additionally  show  that  the  localization  of 
the  double-strand  break  repair  factors  with  APBs  is  distinct  from  their 
association  with  ionizing  radiation-induced  nuclear  foci.  To  systematically 
explore  the  mechanism  involved  in  the  assembly  of  APBs,  we  examine  the 
role  of  Nijmegen  breakage  syndrome  1  (NBS1)  and  TRF1  in  this  process, 
respectively.  We  demonstrated  that  NBS1  plays  a  key  role  in  the  assembly 
and/or  recruitment  of  Rad50,  Mrell,  and  breast  cancer  susceptibility 
gene  1,  but  not  RadSl  or  TRFI,  to  APBs.  The  NH2  terminus  of  NBS1, 
specifically  the  BRCA1  COOH-terminal  domain,  is  required  for  this 
activity.  Although  TRFI  interacts  with  NBS1  directly,  it  is  dispensable  for 
the  association  of  either  Rad50/MrelI/NBSI  or  Rad51  with  APBs.  Per¬ 
turbation  of  the  interactions  between  NBSl/Mrell  and  APBs  correlates 
with  reduced  BrdUrd  incorporation  associated  with  APBs,  consistent  with 
decreased  DNA  synthesis  at  these  sites.  Taken  together,  these  results 
support  a  model  in  which  NBS1  has  a  vital  role  in  the  assembly  of  APBs, 
which  function  to  maintain  telomeres  in  human  ALT  cells. 

INTRODUCTION 

Telomeres,  specialized  structures  at  the  ends  of  linear  chromo¬ 
somes,  are  comprised  of  GC-rich  tandem  repeats.  The  protection  of 
telomere  ends  and  maintenance  of  their  length  prevent  chromosome 
degradation,  end-to-end  fusions,  and  rearrangements,  events  detri¬ 
mental  to  chromosome  stability  and  genome  integrity.  Yeast,  germ¬ 
line  cells,  and  the  majority  of  cancer  cells  typically  maintain  telomere 
length  by  de  novo  addition  of  DNA  by  telomerase  (1,2).  In  addition 
to  the  standard  mechanism,  subsets  of  cells  maintain  telomere  length 
through  a  telomerase-independent  mechanism,  termed  the  ALT3  path¬ 
way  (3). 

Genetic  studies  in  yeast  have  implicated  a  recombination-dependent 


Received  10/22/02;  accepted  3/18/03. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance  with 
18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

1  This  work  is  supported  by  NIH  Grants  CA  85605  (to  P-L.  C.)  and  CA  94170  and  CA 
81020  (to  W-H.  L.).  G.  W.  and  X.  J.  are  supported  by  Department  of  Defense  Predoctoral 
Training  Grant  DAMD  17-99-1-9402. 

2  To  whom  requests  for  reprints  should  be  addressed,  at  Department  of  Molecular 
Medicine  and  Institute  of  Biotechnology,  University  of  Texas  Health  Science  Center  at 
San  Antonio,  15355  Lambda  Drive,  San  Antonio,  Texas  78245.  Phone:  (210)  567-7353; 
Fax:  (210)  567-7377;  E-mail:  chenp0@uthscsa.edu. 

3  The  abbreviations  used  are:  ALT,  alternative  lengthening  of  telomere;  DSB,  double- 
strand  break;  PML,  promyelocytic  leukemia;  APB,  ALT-associated  PML  body;  BRCA1, 
breast  cancer  susceptibility  gene  1 ;  IRIF,  ionizing  radiation-induced  foci;  NBS,  Nijmegen 
breakage  syndrome;  GST,  glutathione  S- transferase;  GFP,  green  fluorescent  protein; 
BrdUrd,  bromodeoxyuridine;  BRCT,  BRCA1  COOH-terminal  domain;  CR,  conserved 
region. 


mechanism  in  the  ALT  pathway.  In  this  model,  members  of  RAD52 
epistasis  group,  including  the  DNA  recombination  and  DSB  repair  fac¬ 
tors  Rad52,  Rad51,  and  the  Rad50/Mrel  1/Xrs2  complex  participate, 
along  with  a  helicase,  Sgsl,  and  mismatch  repair  factors  (4-11).  Two 
distinct  ALT  pathways  have  been  proposed  based  on  participation  of 
either  Rad50  or  Rad51.  Rad52,  on  the  other  hand,  is  required  for  both 
pathways  (5,  7). 

In  humans,  —10-20%  of  tumors  are  telomerase  negative  and  have 
been  proposed  to  maintain  telomere  length  by  ALT  pathways  (3). 
Selection  of  the  exact  mechanism  of  ALT  in  the  cells  of  these  tumors, 
although  not  well  understood,  may  be  related  to  the  germ  layer  of  their 
origin  (12).  Evidence  hints  that  homologous  recombination  plays  a 
primary  role  in  most  of  the  mammalian  ALT  pathways,  similar  to  the 
nonreciprocal  recombination  used  by  yeast  that  are  telomerase  defec¬ 
tive  (5,  7).  Marker  cassettes  integrated  into  specific  telomeres  of 
mammalian  cells  can  be  copied  to  other  short  telomeres,  presumably 
through  a  gene  conversion-like  recombination  process  (13).  In  mam¬ 
malian  ALT  cells,  recombination  factors,  including  Rad51,  Rad52, 
and  the  Rad50/Mrel  1/NBS1  complex  (the  human  counterpart  of  yeast 
Rad50/Mrell/Xrs2),  are  specifically  associated  with  a  fraction  of 
nuclear  PML  bodies.  Also  present  are  telomere  binding  factors  TRFI, 
TRF2,  replication  factor  RPA  and  telomere  repetitive  DNA  (14-17). 
BrdUrd  incorporation  associated  with  the  APBs  in  late  S-G2  phase 
indicates  that  the  DNA  synthesis  associated  with  telomere  lengthening 
may  be  an  important  function  in  these  subnuclear  compartments  (16). 

DNA  recombination  and  DNA  DSB  repair  involve  a  number  of 
factors,  defects  in  which  are  implicated  in  mammalian  carcinogenesis. 
The  product  of  the  BRCA1  has  essential  roles  in  cellular  responses  to 
DNA  damage,  in  checkpoint  control,  and  in  DSB  repair  (18-27). 
Consistent  with  these  functions,  BRCA1  associates  with  both  the 
Rad50/Mrel  1/NBS1  complex  and  RadSl  in  vivo  (18, 20).  In  yeast,  the 
RadSO/Mrel  1/Xrs2  complex  participates  in  several  processes,  includ¬ 
ing  homologous  recombination  and  nonhomologous  end-joining,  S- 
phase  replication,  DNA  damage  response,  and  cell  cycle  checkpoint 
control  (review  in  Ref.  28).  Moreover,  the  Rad50/Mrel  1/Xrs2  com¬ 
plex  is  proposed  to  have  a  role  in  telomerase-dependent  maintenance 
(5).  Whether  the  RadSO/Mrel  1/NB SI  complex  has  a  similar  role  in 
mammalian  cells  is  unknown.  Intriguingly,  however,  NBS1  physically 
interacts  with  TRFI,  a  telomere-specific  binding  protein,  supporting  a 
potential  role  for  NBS1  complex  in  mammalian  telomere  homeostasis 
(16).  Although  the  association  of  BRCA1  with  Rad50/Mrell/NBS1 
complex  is  critical  for  DNA  damage  response,  it  remains  unclear 
whether  BRCA1  plays  a  role  in  telomere  length  maintenance  in 
mammalian  cells.  Furthermore,  how  the  multiple  repair/recombina¬ 
tion  factors  with  distinct  function  assembled  in  APBs  during  telomere 
elongation  is  also  unknown. 

Here,  we  present  evidence  that  BRCA1  and  hRapl  are  new  com¬ 
ponents  of  APBs.  The  association  of  repair  proteins  with  IRIF  is 
distinct  from  their  association  with  APBs.  Using  overexpressed  dom¬ 
inant-negative  proteins,  we  show  that  NBS1  is  required  for  recruit¬ 
ment  and/or  assembly  of  a  subgroup  of  proteins  into  APBs,  including 
Mrell,  Rad50,  and  BRCA1  but  not  Rad51  or  TRFI.  The  BRCT 
domain  of  NBS1  is  required  for  this  function.  Although  TRFI  inter¬ 
acts  with  NB SI,  it  is  not  critical  for  localization  of  either  NBS1  or 
Rad51  within  APBs.  Finally,  colocalization  of  Mrell,  Rad50,  and 
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BRCA1  at  APBs  is  important  for  BrdUrd  incorporation  at  these 
subnuclear  sites.  These  results  suggest  that  NBS1  plays  a  critical  role 
in  mediating  the  assembly  of  functional  APBs  that  is  important  for  the 
propagation  of  human  ALT  cells. 

MATERIALS  AND  METHODS 

Cell  Lines,  Cell  Synchronization,  and  BrdUrd  Labeling.  ALT  cell  lines, 
including  SV40  large  T-antigen-immortalized  human  fibroblasts  (GM847  and 
VA13)  and  two  osteosarcoma  lines  (Saos-2  and  U-2  OS),  have  previously  been 
described  (16).  Cells  were  cultured  in  DMEM  supplemented  with  10%  fetal 
bovine  serum  in  10%  C02.  Telomerase-positive  cells  T24  and  MCF7  were 
cultured  similarly.  Cell  synchronization  at  late  S-G2  was  achieved  by  a  double 
thymidine  block-and-release  protocol  as  described  previously  (16).  For  BrdUrd 
pulse  labeling,  cells  were  incubated  30  min  with  reagents  in  a  cell  proliferation 
kit  (Amersham  Pharmacia  Biotech,  Inc.,  Piscataway,  NJ),  fixed,  and  stained  as 
described  below. 

Immunostaining,  Coimmunoprecipitation,  and  Western  Blots.  Indirect 
immunofluorescence  staining  was  performed  essentially  as  described  previ¬ 
ously  (16).  Briefly,  cells  plated  on  cover  slips  in  6-cm  culture  dishes  were 
washed  with  PBS  and  fixed  for  20  min  in  3.7%  formaldehyde  in  PBS  with 
0.1%  Triton  X-100.  Cells  were  then  permeated  with  0.05%  Saponin  at  room 
temperature  for  30  min,  followed  by  washing  five  times  in  PBS.  After  blocking 
with  10%  goat  serum  in  PBS/0.5%  NP40  at  room  temperature  for  30  min,  cells 
were  incubated  with  primary  antibodies  for  2  h  at  room  temperature.  FITC  or 
Texas  Red-conjugated  secondary  antibodies  (Southern  Biotechnology  Associ¬ 
ates,  Inc.,  Birmingham,  AL)  were  used  to  detect  primary  antibodies.  Cells  were 
counter  stained  with  4',  6'-diamino-2-phenylindole  and  mounted  in  Permafluor 
solution  (Shandon  Lipshaw,  Pittsburgh,  PA).  Fluorescence  microscopy  was 
performed  with  a  Nikon  Eclipse  TE300,  and  the  captured  images  were  pro¬ 
cessed  with  Metamorph  software  and  Adobe  Photoshop.  Immunoprecipitation 
was  performed  in  lysis  250  buffer  [50  mM  Tris-Cl  (pH  7.4),  250  mM  NaCl, 
5  mM  EDTA,  50  mw  NaF,  0.1%  NP40,  and  0.5  mM  phenylmethylsulfonyl 
fluoride]  at  4°C  as  described  previously  (18).  Coprecipitates  were  resolved  by 
7.5%  SDS-PAGE  and  immunoblotted  with  Rad50,  Mrell,  and/or  NBS1 
antibodies  (29). 

Antibodies.  For  TRF1  and  hRapl,  mouse  polyclonal  sera  were  raised 
against  GST-TRF1  and  GST-hRapl,  respectively,  which  had  been  expressed 
and  purified  from  bacteria.  Mouse  anti-Mrell(12D7),  mouse  anti-Rad50 
(13B3),  and  mouse  anti-Rad51  (14B4)  monoclonal  antibodies  have  been 
described  previously  (16,  18).  Rabbit  anti-Rad51  and  mouse  anti-BRCAl 
monoclonal  (Ab-1)  antibodies  were  purchased  from  Oncogene  Research  Prod¬ 
ucts  (Boston,  MA).  Rabbit  anti-NBSl  antibody  was  obtained  from  Novus 
Biologicals  (Littleton,  CO).  Mouse  anti-PML  antibody  was  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA).  Rabbit  anti-SplOO  antibody  was  purchased 
from  MBL  International  Corporate  (Watertown,  MA). 

Conditional  Expression  of  NBS1C.  To  generate  cell  clones  that  express  a 
GFP-NBS1C  fusion  protein,  we  used  a  tetracycline-inducible  expression  sys¬ 
tem  (30).  NBS1C  (amino  acids  543-754  of  NBS1)  was  translationally  fused  to 
GFP  in  the  pUHDIO  vector.  Constructs  pUHDIO-NBSIC  and  pCHTV  (bear¬ 
ing  tet  regulator  and  hygromycin-resistant  gene,  respectively)  were  cotrans¬ 
fected  (10:1  molar  ratio)  into  human  osteosarcoma  U-2  OS  cells,  which  were 
subsequently  selected  with  hygromycin  (150  jag/ml)  in  the  presence  of  tetra¬ 
cycline  (1  /Tg/ml).  Hygromycin-resistant  colonies  were  isolated  and  assayed 
for  conditional  expression  of  GFP-NBS1C.  One  of  the  positive  clones,  named 
UNBS1C,  with  tight  tet-dependent  regulation,  was  used  in  this  study. 

Recombinant  Adenoviruses.  Constructs  directing  the  expression  of 
NBS1C,  GFP,  or  GFP-TRFlAmyb  were  prepared  according  to  a  simplified 
adenovirus  amplification  system  with  minor  modifications  (31).  To  facilitate 
virus  amplification  and  evaluation  of  the  titer,  TRFlAmyb  and  NBS1C  were 
both  tagged  with  GFP.  Adenoviruses  were  produced  and  amplified  in  El- 
immortalized  human  embryonic  kidney  cells  293.  ALT  cells  were  infected  and 
harvested  at  36  h  after  infection.  To  perform  double  staining  (such  as  Mrell 
with  PML),  cells  were  treated  with  1%  H202  after  fixation  until  the  GFP  signal 
was  fully  quenched  and  then  stained  as  described  above. 


RESULTS  AND  DISCUSSION 

Association  of  BRCA1  with  PML  Bodies  Is  Specific  to  ALT 
Cell.  BRCA1  plays  an  essential  role  in  the  maintenance  of  genome 
stability,  which  is  partially  attributed  to  its  interaction  with  the  DNA 
damage  response  and  repair  complex  NBS1/Rad50/Mrell  (18).  In 
ALT  cells,  the  NBS1/Rad50/Mrell  complex  is  localized  with  APBs 
during  late  S-G2  phase,  suggesting  its  involvement  in  telomere  length 
maintenance  (16,  17).  We  first  asked  if  BRCA1  is  involved  in  the 
ALT  pathway.  Indirect  immunofluorescence  studies  showed  that 
BRCA1  colocalized  with  APB-associated  proteins,  TRF1,  SplOO,  and 
NBS1  in  several  ALT  cells,  including  GM847  (Fig.  1A).  Although 
BRCA1  forms  speckles  in  S-phase  cells,  they  are  not  APB  associated 
(32).  However,  when  ALT  cells  are  enriched  at  late  S-G2  phase,  after 
release  from  a  double-thymidine  block,  BRCA1  associates  with  APB 
foci  in  —24%  of  cells,  compared  with  5-7%  in  unsynchronized 
culture  (Fig.  1 B).  These  data  suggest  that  the  association  of  BRCA1 
with  APBs  is  specific  for  late  S-G2  stage,  similar  to  that  of  NBS1  and 
Rad51  (Fig.  IB  and  Ref.  16).  In  contrast,  colocalization  was  not 
observed  in  telomerase-positive  cells  such  as  human  bladder  carci¬ 
noma  cells,  T24,  and  human  breast  cancer  cells,  MCF7  (Fig.  1C), 
suggesting  that  the  association  of  BRCA1  with  APBs  is  specific  to 
late  S-G2  in  ALT  cells.  These  data  implicating  BRCA1  in  the  ALT 
pathway  are  consistent  with  its  roles  in  homology-directed  DNA 
repair  and  microhomology-mediated  DNA  end-joining  (27,  33). 

Colocalization  of  Multiple  DSB  Repair  Factors  and  hRapl  at 
APBs.  BRCA1  is  known  to  colocalize  with  NBS1/Mrell/Rad50 
complex  and  Rad51  in  response  to  treatment  of  cells  with  DNA 
damaging  agents  (18,  20).  The  NBS1/Mrell/Rad50  complex  and 
Rad51  participate  in  distinct  DNA  repair  events  (34,  35).  However, 
both  colocalize  with  APBs  in  ALT  cells  (14-16).  To  demonstrate 
these  functionally  distinct  recombination  factors  and  BRCA1  are 
localized  in  APBs,  we  performed  pair-wise  coimmunostainings  in 
either  randomly  growing  or  synchronized  ALT  cells  at  late  S-G2  (Fig. 
W).  We  found  that  Rad51  colocalized  with  BRCA1  (Fig.  ID,  a-d ), 
NBS1  (e-h),  and  Mrell  (i-/)  reciprocally,  suggesting  that  these 
factors  may  work  in  concert  during  a  recombination-mediated  te¬ 
lomere  lengthening  that  potentially  occurs  in  APBs. 

In  addition  to  recombination  proteins,  it  is  known  that  many  factors 
are  found  at  APBs,  including  telomere  repeat  binding  proteins  TRF1 
and  TRF2  (14, 16).  The  human  homologue  of  yeast  Rapl,  hRapl,  was 
recently  identified  as  a  telomere-associated  protein,  which  contains  a 
BRCT  and  is  critical  for  telomere  length  regulation  (36).  Using  an 
aptibody  specific  for  hRapl,  we  detected  immunoreactivity  that  co- 
localized  with  APBs  (Fig.  IE).  Similar  to  BRCA1  and  the  NBS1/ 
Mrell/Rad50  complex,  the  association  of  hRapl  with  APBs  is  also 
most  evident  when  cells  are  arrested  at  the  late  S-G2  phase  (data  not 
shown).  Combined,  the  results  of  these  localization  experiments  sug¬ 
gest  that  a  wide  spectrum  of  both  telomere  and  DSB  repair- associated 
factors  may  be  operational  in  human  ALT  pathway. 

Colocalization  of  Double-Strand  Break  Repair  Factors  with 
IRIF  Is  Distinct  from  APB  Association.  NBSl/Mrel  1/Rad50  com¬ 
plex  and  Rad51  are  known  to  play  an  important  role  in  the  repair  of 
ionizing  radiation-induced  DSBs.  Although  NBSl/Mrel  1/Rad50  and 
Rad51  form  nuclear  foci  upon  ionizing  radiation,  Rad51  cannot  be 
found  to  be  colocalized  with  NBS1  or  Mrel  1  in  a  given  cell  (Ref.  37 
and  our  unpublished  observations).  This  observation  is  in  sharp  con¬ 
trast  to  what  was  observed  in  Fig.  ID  that  both  groups  of  proteins  are 
colocalized  at  APBs  in  ALT  cells.  Therefore,  it  is  likely  that  recom¬ 
bination-dependent  telomere  length  maintenance  is  mechanistically 
related  but  not  identical  to  DSB  repair-associated  homologous  recom¬ 
bination. 

To  distinguish  the  relationship  between  these  two  types  of  nuclear 
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Fig.  1.  BRCA1  is  a  component  of  the  APB  in  the  ALT  line  GM847.  A,  J3RCA1  colocalizes  with  APB  in  ALT  cells,  GM847,  as  demonstrated  by  immunofluorescent  colocalization 
with  TRF1  (a-d),  SplOO  (a  PML  body  marker;  e-h),  and  NBS1  (i-f).  Images  in  red  represent  the  detection  by  a  Texas-red-conjugated  secondary  antibody,  whereas  green  represents 
FTTC.  Nuclei  were  visualized  by  4',  6'-diamino-2-phenylindole  staining.  B,  association  of  BRCA1,  NBS1,  and  Rad51,  with  APBs  is  most  evident  in  cells  enriched  at  late  S-G2  phase. 
Cells  were  either  actively  growing  or  synchronized  by  a  double  thymidine  block  and  harvested  at  different  time  points  upon  release.  For  each  point,  at  least  200  cells  were  counted, 
and  the  results  were  summarized  from  three  independent  experiments.  C,  BRCA1  does  not  associate  with  PML  bodies  in  telomerase-positive  lines  such  as  human  bladder  carcinoma 
cells,  T24  (a-d)  and  human  breast  cancer  cells,  MCF7  (e-h).  Panels  a  and  e  were  immunostained  for  BRCA1,  b  and/ for  SplOO,  whereas  c  and  g  show  merged  images.  D,  Rad51 
colocalizes  with  BRCA1  (a-d),  NBS1  (e-h),  and  Mrell  (i-f)  using  antibodies  specific  for  each  antigen  and  procedures  described  above.  E,  immunostaining  with  a  mouse  anti-hRapl 
antibody  demonstrated  its  colocalization  with  APB  marker  proteins  PML  (a-d),  NBS1  (e-h),  and  TRF1  (i-l)  using  antibodies  specific  for  each  antigen  and  procedures  described  above. 


foci,  we  test  whether  IRIF  and  the  localization  to  APBs  are  dependent 
on  each  other.  After  treatment  with  7-irradiation,  increased  percentage 
of  cells  exhibited  granular  nuclear  speckles  of  BRCA1,  Rad51,  and 
NBS1,  characteristic  of  DNA  repair  foci.  These  DNA-damaged  in¬ 
duced  foci  did  not  colocalize  with  PML  or  TRF1  in  ALT  cells  such  as 
human  osteosarcoma  U-2  OS  (Fig.  2)  and  Saos-2  ceils  (data  not 
shown).  However,  it  was  noted  that  a  small  fraction  of  cells  demon¬ 
strated  APB-associated  foci  positive  for  the  BRCA1,  NBS1,  and 
Rad51  antigens  in  irradiated  and  mock-irradiated  cells.  These  same 
patterns  of  localization  were  also  observed  at  earlier  times  (1.5  and 
4  h)  after  exposure  to  ionizing  radiation  (data  not  shown).  Combined, 
these  findings  suggest  that  DNA  damage-induced  foci  and  APB- 
associated  foci  form  independently  and  are  morphologically  different. 


^Interrelationships  of  DSB  Repair  and  Telomere-associated 
Factors.  The  association  of  the  above  factors  with  telomeres  or  APBs 
in  ALT  or  telomerase-positive  cells,  their  colocalization  with  BrdUrd 
under  various  conditions,  and  their  inclusion  in  IRIFs  are  summarized 
in  Table  1.  The  results  were  obtained  from  experiments  using  either 
GM847  (ALT  line)  or  T24  (telomerase  positive)  cells  in  this  study  or 
from  other  studies  using  various  cell  lines  (14-16,  19,  37-40). 
Cumulatively,  these  data  indicate  that  the  distribution  of  both  DSB 
repair  and  telomere-associated  factors  in  the  nucleus  appears  to  be 
multifaceted.  In  both  telomerase-positive  and  ALT  cells, 
the  NfiSl  complex  is  associated  with  telomeres  and  APBs,  within 
which  DNA  synthesis  takes  place  during  late  S-G2  of  the  cell  cycle. 
The  NBS1  complex  also  associates  with  replication  forks  throughout 
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complex  does  not  associate  with  IRIF  (42,  43),  an  activity  that 
apparently  resides  within  the  NH2-terminal  part  of  the  NBS1.  If  NBS1 
is  required  for  APB  association,  we  expected  that  conditional  expres¬ 
sion  of  GFP-NBS1C  would  result  in  formation  of  Rad50/Mrell/ 
NBS1C  complexes  incapable  of  APB  association.  In  Fig.  3A,  immu- 
noblot  data  demonstrate  that  removal  of  tetracycline  from  the  media 
resulted  in  a  significant  induction  of  GFP-NBS1C  expression  (com¬ 
pare  Lanes  7  and  8 ).  Coimmunoprecipitation  with  a-Mrell  and 
a-myc  and  immunoblot  detection  showed  that  Rad50  and  Mrell  are 
present  in  a  complex  with  GFP-NBS1C  (Fig.  3 A,  Lanes  3-6). 

The  effects  of  the  truncated  NBS1C/Mrell/Rad50  complex  on  the 
association  of  Mrel  1  and  BRCA1  with  APBs  and  DNA  synthesis  are 
summarized  in  Fig.  35.  There  was  a  significant  reduction  in  the 
localization  of  BRCA1  at  APBs  upon  removal  of  tetracycline 
(P  =  0.0153).  The  most  dramatic  effect  was  on  Mrell -associated 
APBs  (P  <  0.0001),  which  are  normally  detected  in  —30%  of  the 
cells  arrested  at  late  S-G2  stage  (16).  In  contrast,  Mrell -associated 
APBs  were  completely  abolished  in  late  S-G2  cells  upon  induction  of 
GFP-NBS1C  expression.  Consistent  with  these  localization  data  were 
the  fraction  of  APBs  that  displayed  BrdUrd  incorporation,  which 
was  also  effectively  reduced  upon  the  expression  of  GFP-NBS1C 
(P  =  0.0157).  These  data  suggest  that  DNA  synthesis  was  reduced  in 


Fig.  2.  Association  of  DSB  repair  factors  with  IRIF  is  distinct  from  their  association 
with  APBs.  U-2  OS  cells  (an  ALT  line)  were  harvested  and  fixed  8  h  after  radiation  (12 
gray)  and  subsequently  stained  with  indicated  antibodies.  DNA  damage-induced  foci 
positive  for  BRCA1  (usually  outnumber  PML  bodies  and  are  smaller  and  more  homoge¬ 
neous)  do  not  colocalized  with  SplOO  (a-d)  or  TRF1  ( e-h ).  On  the  other  hand,  in  a 
fraction  of  cells,  BRCA1  foci  characteristic  of  APB  bodies  (larger  and  brighter  but  fewer 
in  number)  are  still  present  along  with  newly  appearing  repair  foci  that  colocalize  with 
TRF1  (e-h)  after  irradiation,  suggesting  that  BRCA1  foci  induced  by  y-irradiation  and 
colocalization  with  APBs  are  independent  events.  Similar  observations  were  obtained  for 
Rad51  (f-/)  and  NBS1  (m-p). 


Table  1  Interrelationships  of  DSB  repair  and  telomere-associated  factors 


Factors 

Association  w/telomeres  or  APBs 

Colocalize  w/BrdUrd 

IRIF 

ALT  cells 

TERT(+)  cells* 

S  phase 

DDI 

@APBs 

Mrell 

+ 

+ 

+ 

-1- 

+ 

+ 

NBS1 

-1- 

+ 

+ 

+ 

+ 

+ 

BRCA1 

+ 

— 
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+ 

+ 

+ 

Rad51 
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+ 

+ 

+ 

Rad52 

+ 

- 

? 

9 

+ 

+ 

hRapl 

+ 

+ 

- 

_ 

+ 

_ 

aTERT(+),  telomerase  positive;  DDI,  DNA  damage  induced. 


S-phase  progression  and  is  associated  with  DNA  damage-induced  foci 
when  cells  are  irradiated.  On  the  other  hand,  BRCA1  and  Rad51  are 
associated  with  APBs  and  are  also  found  in  replication  foci  in  the 
presence  of  DNA  damage,  regardless  of  the  cell  type. 

NBS1  Is  Essential  for  the  Recruitment  and/or  Assembly  of  the 
NBS1/Mrell/Rad50  Complex  into  APBs.  Elucidating  the  assembly 
of  functional  APBs  is  central  to  understanding  the  ALT  pathway. 
Given  the  complex  spectrum  of  APB-associated  factors,  we  sought  to 
identify  a  few  key  molecules  that  are  critical  for  their  assembly. 
Because  TRF1  is  known  to  interact  with  both  telomeric  DNA  (41)  and 
NBS1  (16),  we  hypothesized  that  both  proteins  are  critical  for  recruit¬ 
ment  and/or  assembly  of  at  least  BRCA1,  Mrell,  and/or  Rad50  into 
APBs.  To  test  this  model  biochemically  and  cell  biologically,  we 
established  a  subclone  of  U-2  OS  cells,  named  as  UNBS1C,  that 
harbors  a  stably  integrated  tet-off  system  that  controls  the  expression 
of  a  GFP-tagged  truncated  form  of  NBS1,  specifically,  a  COOH- 
terminal  region  encompassed  by  amino  acids  543-754.  The  rationale 
for  this  design  is  that,  although  the  COOH-terminal  region  of  NBS1 
is  sufficient  for  nuclear  localization  and  binding  Mrell,  the  mutated 
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Fig.  3.  Association  of  Mrell/Rad50  or  BRCA1  with  APBs  depends  on  NBS1.  A, 
Myc-tagged  GFP-NBS1C  (amino  acid  543-754)  competed  with  the  endogenous  NBS1  in 
the  formation  of  NBSl/Mrel  1/Rad50  complex.  Cell  lysates  prepared  from  UNBS1C  (U-2 
OS  subclonal  line  expressing  GFP-NBS1C  under  a  tet-off  system)  were  immunoprecipi- 
tated  with  anti-Mrell  antibodies  and  immunoblotted  using  antibodies  against  Rad50, 
NBS1,  and/or  Mrel  1.  In  the  presence  of  tetracycline,  GFP-NBS1C  was  not  expressed  and 
Mrel  1  coimmunoprecipitated  with  endogenous  NBS1  and  Rad50  (Lane  3).  Upon  removal 
of  tetracypline  to  induce  the  expression  of  GFP-NBS1C  (induced  for  40  h),  immunopre- 
cipitatioh  with  anti-Mrell  antibodies  predominantly  brought  down  GFP-NBS1C  instead 
of  the  endogenous  NBS1  (Lane  4).  Similarly,  Mrell  and  Rad50  were  specifically 
immunoprecipitated  with  GFP-NBS1C  by  anti-myc  antibodies  (Lane  6)  but  not  control 
antibodies,  mouse  anti-GST,  8G11  (Lanes  1  and  2).  Whole  cell  lysates  from  UNBS1C 
either  with  (Lane  7)  or  without  tetracycline  (Lane  8)  were  used  to  perform  straight 
Western  blots  probed  with  each  of  the  specific  antibodies  as  indicated.  B ,  effects  of  the 
expression  of  GFP-NBS1C  on  the  colocalization  of  Mrell,  BRCA1,  Rad51,  TRF1  with 
APBs.  Actively  growing  UNBS1C  cells  were  plated  on  the  coverslips  in  the  presence  or 
absence  of  tetracycline  in  the  culture  medium.  These  cells  were  harvested  and  immuno- 
stained  with  antibodies  against  Mrell,  BRCA1,  Rad51,  or  TRF1  along  with  PML  (or 
SplOO).  BrdUrd  labeling  was  also  performed  to  evaluate  DNA  synthesis  in  APBs  (16). 
Cells  that  showed  positive  colocalization  of  a  factor  with  PML  were  counted  and  their 
percentage  relative  to  the  total  cell  number  is  presented.  A  total  of  at  least  140  cells  were 
assessed  for  each  experiment,  and  the  results  were  summarized  from  three  independent 
experiments. 
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A. 


Adenovirus  (a),  GFP  (b).  GFP-TRFl&nyb 

NBSI  7  3±Ll%  11.4±1.0% 

Mreil  6:2±LQ%  9,1  ±1.0% 

Fig.  4.  NBSI  and  Mreil  associate  with  APBs  in  the  presence  of  overexpressed 
GFP-TRFlAmyb.  A,  actively  growing  GM847  cells  were  infected  with  high-titer  adeno¬ 
virus  bearing  a  GFP  or  GFP-TRFlAmyb  translational  fusion,  which  act  as  a  dominant 
negative.  Cells  were  harvested  at  36  h  after  infection  and  stained  against  NBSI  ( a  and  c). 
b  and  d  show  the  fluorescent  signal  of  GFP  alone  (the  control)  or  GFP-TRFlAmyb  in  the 
same  field  of  cells  as  in  a  and  c,  respectively.  Note  that  some  cells  overexpressing  GFP 
or  GFP-TRFlAmyb  form  APB-characteristic  NBSI  foci.  £,  fractions  of  GM847  cells 
containing  APB -characteristic  NBSI  or  Mreil  foci  in  cells  infected  with  indicated 
adenoviruses  as  described  in  (A).  Cells  containing  more  than  five  APB-characteristic  foci 
for  NBSI  or  Mell  were  counted,  and  the  percentage  ( versus  the  total  population)  is 
presented.  For  each  experiment,  at  least  220  cells  in  total  were  evaluated,  and  the  results 
are  summarized  from  two  independent  experiments. 


the  APBs.  Although  not  investigated  here,  the  data  imply  an  impair¬ 
ment  of  telomere  length  maintenance  because  telomere  DNA  is  the 
only  type  known  to  be  present  at  APBs  (14).  In  contrast  to  the 
elimination  of  Mreil  and  reduction  of  BRCA1  in  APBs,  the  associ¬ 
ation  of  TRF1  and  Rad51  proteins  was  only  slightly  reduced  (Fig.  3 B), 
although  GFP-NBS1C  also  binds  to  TRF1  (16).  Thus,  the  mechanism 
involved  in  the  recruitment  of  Rad51  to  APBs  remains  unknown. 

To  eliminate  the  possibility  that  the  above  results  were  attributable 
to  clonal  variations,  we  designed  a  system  for  the  expression  of 
GFP-NBS1C  using  adenovirus,  with  which  highly  efficient  infection 
and  expression  could  be  achieved.  Several  ALT  lines,  including 
GM847  and  VA13,  were  infected  and  assessed  for  the  cellular  effects 
of  GFP-NBS1C  overexpression.  Results  similar  to  those  with  the 
inducible  U-2  OS  subline  UNBS1C  were  obtained  (data  not  shown). 

These  findings  suggest  that  NBSI  is  essential  for  recruitment 
and/or  association  of  the  Mrell/Rad50  complex  and  BRCA1  with 
APBs  and  for  APB-specific  DNA  replication  during  late  S-G2  phase. 
It  was  noted  that  short-term  expression  of  GFP-NBS1C  (within  4 
days)  did  not  correlate  with  significant  cell  cycle  arrest,  as  quantified 
by  fluorescence-activated  cell  sorting  analysis  and  immunostaining  of 
the  cell  cycle  marker  phosphohi stone  H3  (data  not  shown).  On  the 
other  hand,  persistent  expression  of  GFP-NBS1C  for  >2  weeks  led  to 
cell  death  (data  not  shown),  suggesting  that  the  association  of  intact 
NBSI  complex  with  APBs  may  be  required  for  growth  and  prolifer¬ 
ation  of  human  ALT  cells. 


The  Association  of  the  NBS1/Mrell/Rad50  Complex  with  APBs 
Is  Independent  of  TRF1.  We  next  tested  whether  TRF1  is  required 
for  the  association  of  NBSI,  Mreil,  and  Rad51  with  APBs.  We  used 
a  recombinant  adenovirus  capable  of  directing  expression  of  GFP- 
TRFlAmyb  that  forms  a  nonauthentic  TRFlAmyb/TRFl  dimer, 
which  acts  as  a  dominant  negative  by  depleting  endogenous  TRF1 
from  telomere  DNA  (41,  44).  We  reasoned  that  its  overexpression 
would  reduce  or  inhibit  the  association  of  NBSI  with  telomeres  and/or 
APBs.  Unexpectedly  however,  NBSI  antigen  is  detected  with  APBs 
in  a  fraction  (Fig.  4 B)  of  GM847  cells  in  the  presence  of  overex¬ 
pressed  GFP  or  GFP-TRFlAmyb  (Fig.  4A).  Similar  results  were 
obtained  in  two  other  ALT  lines,  U-2  OS  and  VA13  (data  not  shown). 
Interestingly,  instead  of  a  reduction,  a  slight  increase  of  the  associa¬ 
tion  was  observed  in  cells  overexpressing  GFP-TRFlAmyb,  com¬ 
pared  with  the  control  cells  expressing  GFP  alone  (Fig.  4 B).  Taken 
together,  these  results  suggest  that  the  association  of  NBSl/Mrell/ 
Rad50  with  APBs  is  independent  of  TRF1.  It  is  possible  that  the 
association  could  be  mediated  by  another  APB  component,  by  other 
telomeric  factors,  or  by  telomere  DNA  because  all  of  the  members  of 
NBS1/Mrell/Rad50  complex  have  intrinsic  DNA  binding  activity 
(34,  35). 

Structure  Requirements  for  Association  of  NBSI  with  DNA 
Damage-induced  Foci  Is  Distinct  from  those  Required  for  APBs. 

On  the  basis  of  the  results  described  above,  we  concluded  that  NBSI 
plays  a  central  role  in  the  assembly  of  the  functional  APBs,  which 
depend  on  the  recruitment  of  Mreil,  Rad50,  and  BRCA1.  Fig.  5 
summarizes  several  sets  of  experiments  designed  to  elucidate  the 
structural  requirement  of  NBSI  for  association  with  the  Mrel  1/Rad50 
complex  and  localization  with  APBs.  The  FHA  and  BRCT  domains 
are  two  known  conserved  modules  residing  at  the  NH2-terminal  part 
of  NBSI  (Fig.  5A  and  Ref.  45).  In  addition,  two  regions  that  are  also 
relatively  conserved  from  human  to  chicken  were  found  and  desig¬ 
nated  as  CR1  (amino  acids  197-280)  and  CR2  (amino  acids  643-754), 
respectively  (Fig.  5A).  CR1  is  juxtaposed  to  several  SQ-containing 
phosphorylation  motifs  that  are  important  for  DNA  damage  response 
(46_49).  CR2  is  the  interaction  domain  for  several  proteins  including 
Mreil  and  TRF1  (16,  42,  43). 

Using  this  structural  knowledge,  we  generated  a  panel  of  NBSI 
mutants  and  determined  their  ability  to  associate  with  Mrel  1  complex 
and  APBs  by  coimmunoprecipitation  and/or  immunostaining  (Fig. 
52?).  Mutation  of  a  conserved  residue  (His45Ile,  Fig.  52?)  in  the  FHA 
domain  reduced  the  association  of  NBSI  with  APBs.  Similar  reduc- 
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Fig.  5.  Structural  requirements  for  the  association  of  NBSI  with  Mrell/Rad50  or 
APBs.  A,  diagram  showing  the  signatory  molecular  modules  in  the  NBSI  protein.  Besides 
the  known  NH2-terminal  FHA  and  BRCT  domains,  NBSI  contains  two  relatively  CRs 
(CR1,  a.a.  197-280  and  CR2,  a.a.  643-754).  CR1  is  juxtaposed  to  BRCT.  CR2  resides  at 
the  COOH  terminus.  The  similarities  of  these  signatory  domains  among  human,  mouse, 
and  chicken  are  shown.  B,  a  panel  of  NBSI  deletion  mutants  COOH-terminally  tagged 
Witt  GFP  was  constructed  and  expressed  in  U-2  OS  cells.  Colocalization  of  the  expressed 
NBSI  deletion  mutants  with  Mrell/Rad50  or  APBs  (represented  by  TRF1  and  PML) 
were  determined  by  immunostaining  as  described  in  “Materials  and  Methods.”  Note  that 
NBSI  lacking  the  BRCT  domain  no  longer  associates  with  APBs. 
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tions  were  also  observed  with  several  other  mutants  such  as 
NBS1ACR1A  (CR1  completely  deleted)  and  NBS1ACR2.  Strikingly, 
deletion  of  the  BRCT  domain  (or  both  FHA  and  BRCT  domains) 
completely  eliminated  the  association  of  NBS1  with  APBs.  In  con¬ 
trast,  deletion  of  Mrell  interaction  domain  (NBS1ACR2N)  did 
not  affect  this  association,  suggesting  that  the  association  of  NBS1 
with  APBs  is  Mrell  independent.  Furthermore,  expression  of 
NBS1ABRCT  in  U-2  OS  cells  reduced  the  colocalization  of  Mrell/ 
Rad50  and  BRCA1,  consistent  with  our  observations  derived  from 
UNBS1C  (data  not  shown).  Serine  343  of  NBS1  has  been  identified 
as  a  critical  phosphorylation  site  during  DNA  damage  responses 
(46-49).  However,  changing  serine  343  to  alanine  (unphosphorylat- 
able)  or  glutamate  (mimicking  phosphorylation)  did  not  affect  the 
association  of  NBS1  with  APBs,  suggesting  that  DNA  damage- 
induced  modifications  did  not  play  a  role  in  relocalization  of  NBS1. 
This  result  is  consistent  with  our  observation  that  association  with 
DNA  damage-induced  foci  by  DSB  factors  is  distinct  from  their 
ability  to  localize  with  APBs.  Taken  together,  these  results  strongly 
suggest  that  the  BRCT  domain  of  NBS1  may  mediate  an  interaction 
with  a  PML  body  component,  and  this  interaction  is  sufficient  to  bring 
in  NBS1  and  its  associated  factors  critical  for  telomere  elongation  to 
APBs  in  ALT  cells. 

In  summary,  our  results  implicated  the  BRCA1  and  NBS1  in  the 
human  ALT  pathway.  We  established  that  NBS1  is  essential  for  the 
assembly  of  functional  APBs,  which  are  probably  critical  for  telomere 
elongation  in  human  ALT  cells.  Association  of  Mrell/Rad50  and 
BRCA1  with  APBs  depends  on  the  integrity  of  NBS1,  especially  the 
BRCT  module.  The  recruitment  of  Rad51  at  APBs  is  NBS1  independ¬ 
ent,  consistent  with  the  notion  that  Rad50  complex  and  Rad51  are 
required  for  the  generation  of  different  types  of  ALT  cells  in  yeast  (5). 
Although  TRF1  is  an  integral  part  of  the  telomeres,  it  is  dispensable 
for  the  recruitment  of  NBS1  and  Rad51  to  APBs.  Therefore,  TRF1 
may  not  be  essential  for  telomere  length  maintenance  in  the  ALT 
pathway,  but  its  role  at  telomeres  could  be  more  structurally  related. 
Recombination-associated  events  responsible  for  telomere  elongation 
in  ALT  cells  would  provide  a  unique  stage  for  functional  cross-talk 
between  BRCA1,  Rad51,  and  the  NBS1/Mrell/Rad50  complex, 
which,  in  parallel  to  their  roles  in  DNA  recombination  and/or  DSB 
repair,  contributes  to  the  maintenance  of  genome  stability.  Determin¬ 
ing  whether  the  BRCA1/NBS1/Mrell/Rad50  complex  functions 
mechanistically  in  the  actual  telomere  lengthening  process  or  serves 
as  a  signal  transducer  to  recruit  other  recombination  and/or  DNA 
synthesis  factors  awaits  additional  studies. 
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Signaling  pathways  in  response  to  DNA  double  strand 
breaks  involve  molecular  cascades  consisting  of  sensors, 
transducers,  and  effector  proteins  that  activate  cell  cy¬ 
cle  checkpoints  and  recruit  repair  machinery  proteins. 
NFBD1  (a  nuclear  factor  with  BRCT  domains  protein  1) 
contains  FHA  (forkhe ad-associated),  BRCT  (breast  can¬ 
cer  susceptibility  gene  1  carboxyl  terminus)  domains, 
and  internal  repeats  and  is  an  early  participant  in  nu¬ 
clear  foci  in  response  to  IR.  To  elucidate  its  role  in  the 
response  pathways,  small  interfering  RNA  (siRNA)  di¬ 
rected  against  NFDB1  in  human  cells  demonstrated  that 
its  absence  is  associated  with  increased  radio-sensitiv¬ 
ity  and  delayed  G<JM.  transition,  but  not  Gi  to  S.  NFBD1 
associates  with  nuclear  foci  within  minutes  following 
IR,  a  property  similar  to  histone  H2AX,  53BP1,  and 
Chk2,  which  are  all  early  participants  in  the  DNA  dam¬ 
age  signaling  cascade.  Temporal  studies  show  that 
H2AX  is  required  for  the  foci  positive  for  NFBD1,  but 
NFBD1  is  not  needed  for  53BP1-  and  H2AX-positive  foci. 
NFBD1,  together  with  53BP1,  plays  a  partially  redun¬ 
dant  role  in  regulating  phosphorylation  of  the  down¬ 
stream  effector  protein,  Chk2,  since  abrogation  of  both 
diminishes  phosphorylated  Chk2  in  IR-induced  foci. 
These  results  place  NFBD1  parallel  to  53BP1  in  regulat¬ 
ing  Chk2  and  downstream  of  H2AX  in  the  recruitment  of 
repair  and  signaling  proteins  to  sites  of  DNA  damage. 


Molecules  participating  in  the  DNA  damage  signal  pathway 
can  be  classified  as  DNA  damage  sensors,  proximal  kinases, 
transducer  kinases,  and  effectors  (1-3).  DNA  damage  sensors, 
which  initiate  the  DNA  damage  signal  cascade,  are  minimally 
characterized.  y-H2AX  and  the  Rad9-Radl-Husl  (proliferating 
cell  nuclear  antigen-like)  clamp  complex  were  considered  to  be 
candidates  for  DNA  damage  sensors,  given  their  accessibility  to 
damaged  DNA  (4,  5).  Although  the  phosphorylation  and  re- 
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cruitment  of  these  molecules  to  the  DNA  damage  sites  are  early 
actions,  the  dependence  on  ATR/ATM1  for  these  events  chal¬ 
lenges  their  roles  as  primary  sensors  (4,  6).  Proximal  kinases 
(ATM,  possibly  ATR  and  DNA-PK),  in  cooperation  with  adaptor 
proteins,  activate  a  variety  of  substrates,  such  as  transducer 
kinases  and  effectors  (1, 3).  In  yeast,  Rad9  is  an  adaptor  protein 
that  plays  a  central  role  in  transducing  and  amplifying  DNA 
damage  signals  by  recruiting  transducer  kinase  Rad53  to  DNA 
sites  of  double  strand  breaks  (7,8).  Based  on  sequence  similar¬ 
ity  (9,  10)  and  early  participation  in  DNA  damage  responses, 
three  BRCT  domain-containing  proteins,  53BP1,  BRCA1,  and 
NFBD1  (11-14),  are  possible  mammalian  orthologs  of  yeast 
Rad9.  Recent  functional  studies  indicating  that  53BP1  only 
partially  regulates  the  Ga/M  checkpoint  and  Chk2,  the  human 
homologue  of  scRad53,  suggests  that  additional  players  partic¬ 
ipate  in  this  crucial  cellular  response  to  DNA  damage  (15-17). 

Our  initial  work  on  NFBD1  showed  that  it  forms  IR-induced 
foci  (IRIF)  within  2  min  after  exposure.  Expression  of  NFBD1- 
derived  BRCT  domains  compromised  association  of  both  Thr68- 
phosphorylated  Chk2  (Chk2T68P)  and  y-H2AX  within  IRIF 
(13).  These  data  suggest  the  involvement  of  NFBD1  in  early 
cellular  responses  to  DNA  damage.  In  the  present  study,  we 
investigate  the  precise  role  of  NFBD1  in  DNA  damage  response 
signaling  pathway  by  using  RNAi  to  suppress  NFBD1  protein 
levels  and  found  that  its  absence  is  associated  with  increased 
radio-sensitivity  and  delayed  QJM  transition,  but  not  Gx  to  S. 
NFBD1,  together  with  53BP1,  plays  a  partially  redundant  role 
in  regulating  phosphorylation  of  the  downstream  effector  pro¬ 
tein,  Chk2.  These  studies  place  NFBD1  parallel  to  53BP1  in 
regulating  Chk2  and  downstream  of  H2AX  in  the  recruitment 
of  repair  and  signaling  proteins  to  sites  of  DNA  damage. 

MATERIALS  AND  METHODS 

Construction  of  Plasmids — The  RNAi  vector  BS/U6  was  kindly  pro¬ 
vided  by  Y.  Shi  (Department  of  Pathology,  Harvard  Medical  School). 
Nucleotides  sequences  from  959  to  981  (GGGCTCAGCCTTTTGGCT- 
TCAT)  of  NFBD1,  sequence  from  767  to  789  (GGGCCTTCCGGATGGC- 
CGGCGG)  of  H2AX,  or  sequence  from  1949  to  1971  (GGGTCTGAGGT- 
GGAAGAAATCC)  of  53BP1  were  used  for  construction  of  the  RNAi 
vectors,  BS/U6:NFBD1,  BS/U6:H2AX,  and  BS/U6:53BP1,  respectively. 
The  RNAi  expression  cassette  of  NFBD1  was  also  inserted  into  an 
pCDNA3  vector  that  directs  expression  of  GFP  and  was  named 
pGFP/U6:NFBDl. 

Antibodies,  Western  Blotting,  and  Immunostaining — Mouse  and  rab¬ 
bit1  anti-NFBDl  were  generated  as  described  previously  (13).  Mouse 
anti-53BPl  was  generated  against  COOH-terminal  412  amino  acids 
using  standard  procedures.  Rabbit  a-y-H2AX  was  purchased  from  Up¬ 
state  Biotechnology  (Lake  Placid,  NY)  and  rabbit  a-Chk2T68P  was  from 
Cell  Signaling  Technology  (Beverly,  MA).  Rabbit  anti-NBSl  and  anti- 
Chk2  antisera  were  purchased  from  GeneTex  (San  Antonio,  TX).  Im- 
munoprecipitation,  Western  blotting,  and  immunostaining  were  per¬ 
formed  as  described  previously  (13,  18).  Immunofluorescence  images 
were  captured  using  a  Zeiss  fluorescence  microscope  (Zeiss,  Axiplan2). 

Cell  Culture  and  Treatments  with  Irradiation — MCF7,  a  human 
breast  carcinoma  cell  line,  was  cultured  in  Dulbecco’s  modified  Eagle’s 
medium  supplemented  with  10%  fetal  bovine  serum,  2  mM  L-glutamine, 


1  The  abbreviations  used  are:  ATR,  ataxia  telangiectasia  and  Rad3- 
related;  ATM,  ataxia  telangiectasia  mutated;  NFBD1,  a  nuclear  factor 
with  BRCT  domains  protein  1;  BRCT,  breast  cancer  susceptibility  gene 
1  carboxyl  terminus;  siRNA,  small  interfering  RNA;  53BP1,  tumor 
suppressor  p53  binding  protein  1;  DSB,  double  strand  break;  y-H2AX, 
phosphorylated  H2AX  at  serine  139;  Chk2T68P,  phosphorylated  Chk2 
at  threonine  68;  PBS,  phosphate-buffered  saline;  BrdUrd,  bromode- 
oxyuridine;  DAPI,  4',6-diamidino-2-phenylindole;  IR,  irradiation;  IRIF, 
IR-induced  foci;  Gy,  gray;  GFP,  green  fluorescent  protein. 
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Fig.  1.  Elimination  of  NFBD1  expression  affects  IR  sensitivity 
and  Gj/M  checkpoint.  A,  Western  blot  assay  of  the  expression  of 
NFBD1  in  MCF7  cells  transfected  with  plasmid  (GFP/U6:NFBD1), 
which  directs  synthesis  NFBD1  siRNA.  Lane  1 ,  MCF7;  lane  2 ,  MCF7 
transfected  with  control  vector,  pCDNA3/GFP.  Lanes  3  and  4 ,  MCF7 
transfected  with  GFP/U6:NFBD1  for  24  h  (lane  3)  and  48  h  ( lane  4). 
Lane  5,  GFP/U6 : NFBD  1-tr ansfected  MCF7  cells  were  selected  with  800 
pg/ ml  G418  for  2  weeks  and  labeled  as  RNAi-selected  in  B.  Lane  6 , 
G418-resistant  MCF7  cells  were  transfected  with  pBS/U6/NFBDl  and 
labeled  as  RNAi/NeoR/RNAi  in  B.  Cell  extracts  were  separated  by 
SDS-PAGE  and  then  immunoassayed  with  antibodies  to  NFBD1  ( upper 
panel)  and  p84  ( lower  panel).  B,  immunostaining  analysis  of  NFBD1 
expression  in  MCF7  cells  transfected  with  control  vector  or  GFP/U6: 
NFBD1.  Cells  were  fixed  and  stained  with  purified  rabbit  anti-NFBDl. 
Panels  identified  as  NFBD1  represent  immunofluorescence  staining 
with  anti-NFBDl,  and  GFP  represents  GFP-expressing  cells.  DAPI 
indicates  cells  stained  with  4',6-diamidino-2-phenylindole.  C,  colony 
formation  assay  for  IR  sensitivity.  NFBD1  RNAi-transfected  or  empty 
vector-transfected  cells  were  irradiated  with  the  indicated  doses  of  IR, 
and  the  surviving  cells  were  scored  as  colonies.  D  and  Ef  IR-induced 
Gj/M  checkpoint  was  examined  by  counting  mitotic  phase  cells  either  at 
the  indicated  hours  after  irradiation  with  12  Gy  (D)  or  at  2  h  after  the 
cells  were  irradiated  with  indicated  dose  ( E ).  F,  Gj/S  checkpoint  control 
was  done  by  a  BrdUrd  incorporation  assay  to  monitor  S  phase  entry 
using  NFBD1  RNAi  transfected  or  empty  vector  controls. 


50  units  of  penicillin,  and  50  pg/ml  streptomycin  at  37  °C  with  10% 
C02.  Cells  grown  in  log-phase  were  irradiated  in  a  137Cs  radiation 
source  (Mark  I,  model  68 A  Irradiator,  JL  Shepherd  &  Associates,  CA). 
The  medium  was  replaced  immediately  after  irradiation.  All  the  cells 
were  then  cultured  at  37  °C  and  harvested  at  the  indicated  time  points. 

Colony  Formation  Assay — MCF7  cells  transfected  and  selected  with 
RNAi  vectors  or  empty  vector  were  counted  and  plated  into  10  cm 
plates.  After  cell  attachment  (14  h),  the  cultures  were  treated  with 


Fig.  2.  Factors  recruitment  in  early  DNA  damage  responses  to 
DSB.  A,  kinetics  of  IR-induced  foci  formation  positive  for  factors  in¬ 
volved  in  DNA  damage  responses.  MCF7  cells  were  exposed  to  1  Gy  IR 
and  kept  in  culture  for  the  indicated  times.  Treated  cells  were  immu- 
nostained  with  antibodies  specific  for  each  the  proteins  indicated,  and 
the  percentage  of  the  cell  nuclei  containing  more  than  five  foci  was 
calculated.  B-E}  upper  panels  are  mock-treated  cells,  and  lower  panels 
are  cells  treated  with  NFBD1  RNAi  (B  and  D)  or  H2AX  RNAi  (C)  or 
53BP1  RNAi  (E).  The  percentage  of  cells  either  RNAi-transfected  or 
empty  vector  controls  with  more  than  five  nuclear  foci  in  each  cell  was 
counted  and  the  percentage  indicated  in  the  corresponding  represent¬ 
ative  photomicrograph. 


irradiation  at  the  indicated  doses  or  mock-treated  (0  Gy)  and  then 
incubated  for  14  days.  After  colony  formation,  cells  were  fixed  and 
stained  with  2%  methyl  blue  in  50%  ethanol.  Colony  formation  was 
determined  by  counting  a  colony  with  >50  cells.  Averages  and  S.D. 
values  were  determined  from  triplicates.  Treated  sample  percentages 
were  determined  by  dividing  their  plating  efficiency  by  the  appropriate 
mock-control. 

Gj/S  Checkpoint  Assay — Cells  were  plated  on  cover  glasses  in  35-mm 
plates.  After  24  h,  cultures  were  either  mock-treated  or  irradiated  with 
12  Gy  of  IR  and  then  returned  to  the  incubator.  After  24-h  incubation, 
fresh  medium  containing  10  mM  BrdUrd  was  added  and  cultured  an 
additional  3  h.  Cells  were  then  washed  once  with  PBS  and  fixed  for 
BrdUrd  immunostaining  using  a  cell  proliferation  kit  (Amersham  Bio¬ 
sciences).  BrdUrd-positive  cells  were  scored  by  fluorescence  microscopy 
and  expressed  as  a  fraction  of  the  total  cells. 

GJM  Checkpoint  Assay — Cells  were  plated  on  cover  glasses  in 
35-mm  plates.  After  24  h,  cultures  were  either  mock-treated  or  irradi- 
£t§d  with  2-12  Gy  of  7-radiation  and  then  returned  to  the  incubator. 
After  1-4  h,  cells  were  gently  washed  with  PBS,  fixed  with  4% 
paraformaldehyde  in  PBS,  and  then  stained  with  DAPI.  Mitotic  cells  in 
prometaphase,  metaphase,  anaphase,  and  telophase  were  identified  by 
fluorescence  microscopy,  scored,  and  expressed  as  a  fraction  of  the  total 
cells. 
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Fig.  3.  Elimination  of  NFBDI  expression  associates  with  re¬ 
duced  phosphorylation  Chk2  at  Thr®8  in  response  to  IR.  A, 

NFBDI  RNAi  or  empty  vector  control  MCF7  cells  were  irradiated  with 
16  Gy.  Cell  lysates  were  processed  at  the  indicated  times,  separated  by 
SDS-PAGE,  and  then  immunoassayed  with  antibodies  to  NFBDI  ( top 
panel),  Chk2T68  C second  panel),  Chk2  0 third  panel),  and  p84  {bottom 
panel).  B ,  Chk2  phosphorylation  at  Thr68  in  response  to  different  dose 
of  IR.  NFBDI  RNAi-transfected  or  empty  vector  control  MCF7  cells 
were  irradiated  with  the  indicated  doses  of  IR.  Cell  lysates  were  pre¬ 
pared  1  h  post-irradiation  and  processed  as  described  in  the  legend  to  A. 
C,  Chk2  was  reciprocally  co-immunoprecipitated  with  NFBDI.  MCF7 
were  mock-treated  (— )  or  treated  with  IR  (10  Gy)  (+)  and  harvested 
after  2  h.  Cell  extracts  were  immunoprecipitated  with  preimmune  sera 
{Pre,  lane  2),  anti-NFBDl  {lanes  3  and  4),  or  anti-Chk2  {lanes  5  and  6) 
antibodies  and  analyzed  by  Western  blot  probed  with  anti-NFBDl  {top 
panel)  and  anti-Chk2  {second  panel)  antibodies.  One-tenth  of  the  cell 
extracts  was  directly  used  for  Western  blot  {lane  1),  serving  as 
references. 


RESULTS  AND  DISCUSSION 

Elimination  of  NFBDI  Expression  Affects  IR  Sensitivity  and 
GJM  Checkpoint — Our  initial  work  on  NFBDI  (nuclear  factor 
that  contains  BRCT  domains  1,  KIAA0170)  showed  that  it 
forms  IRIF  within  2  min  after  exposure.  Expression  of  NFBD1- 
derived  BRCT  domains  compromised  association  of  both  Thr68- 
phosphorylated  Chk2  (Chk2T68)  and  y-H2AX  within  IRIF  (13). 
NFBDI  phosphorylation  in  response  to  ionizing  IR  is  mediated 
by  ATM  (14).  Together,  these  data  suggest  the  involvement  of 
NFBDI  in  early  cellular  responses  to  DNA  damage.  To  inves¬ 
tigate  the  precise  role  of  NFBDI  in  DNA  damage  response 
signaling  pathway,  we  generated  a  vector-based  RNAi  con¬ 
struct  (19)  for  the  in  vivo  expression  of  a  22-base  pair  RNA 
duplex  that  targets  NFBDI.  The  human  breast  cancer  cell  line, 
MCF7,  transfected  with  the  NFBDI  siRNA  construct  demon¬ 
strated  significantly  reduced  expression  of  NFBDI  protein 
about  50-60  h  after  transfection  (Fig.  IB,  compare  lane  1  with 
lanes  3  and  4).  In  a  population  of  G418-selected  cells  expressing 
siRNA,  NFBDI  was  nearly  undetectable  (Fig.  IB,  lanes  5  and 
6),  indicating  effective  repression  by  this  approach.  Using  a 
GFP/NFBD1  siRNA  dual  expression  plasmid,  it  is  apparent 
that  NFBDI  immunofluorescence  is  inversely  correlated  with 
GFP  fluorescence,  which  is  not  observed  using  control  vectors 
(Fig.  IB,  compare  rows  labeled  RNAi ,  RNAUNeoR ,  and  RNAi! 
NeoR/RNAi  with  vector). 

Inactivation  of  genes  essential  for  DNA  damage  signal  trans¬ 
duction,  including  ATM,  H2AX,  BRCA1,  Chk2  and  p53,  results 
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Fig.  4.  NFBDI,  like  53BP1,  redundantly  regulates  CHK2.  A, 
empty  vector  control,  H2AX  RNAi,  NFBDI  RNAi,  53BP1  RNAi,  and 
NFBD1-53BP1  double  RNAi-transfected  cells  were  irradiated  with  8 
Gy.  At  2  h  post-irradiation,  cells  were  immunostained  with  anti- 
Chk2T68p  antibody.  The  percentage  of  the  cells  with  more  than  five 
nuclear  foci  was  calculated.  B,  representative  photomicrographs  of  IR- 
induced  Chk2T68-positive  foci  are  shown.  Panels  1  and  13,  double 
stained  with  a-NFBDl  and  a-53BPl;  panel  4 ,  a-H2AX;  panel  7, 
a-53BPl;  panel  10,  a-NFBDl;  panels  2,  5,  8, 11,  and  14,  a-CHK2T68p; 
panels  3, 6 , 9, 12,  and  15,  DAPI.  Panels  1-3  were  transfected  with  empty 
vector.  Panels  4-6  were  transfected  for  H2AX  RNAi.  Panels  7-9  were 
transfected  for  53BP1  RNAi.  Panels  10-12  were  transfected  for  NFBDI 
RNAi.  Panels  13-15  were  transfected  for  both  53BP1  and  NFBDI  RNAi. 
Arrows  indicate  RNAi-targeted  cells.  C,  a  model  for  the  NFBDI  DNA 
damage  checkpoint  signaling  pathway.  In  response  to  DSBs,  NFBDI 
and  53BP1  both  play  a  central  role  in  transducing  DNA  damage  signals 
to  Chk2. 

in  IR  sensitivity  (see  review  in  Ref.  20).  Because  NFBDI  is  an 
early  participant  in  this  pathway  (13),  we  then  examined  IR 
sensitivity  in  MCF7  cells  expressing  NFBDI  siRNA.  As  shown 
in  Fig.  1C,  NFBDI  RNAi-transfected  cells,  but  not  empty  vec¬ 
tor,  formed  significantly  less  colonies  upon  IR  exposure.  Simi¬ 
lar  results  were  also  observed  in  human  HeLa  and  osteosar¬ 
coma  U20S  cells  (data  not  shown).  To  test  for  the  possibility 
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that  IR  sensitivity  results  from  defects  in  checkpoint  control, 
NFBD1  RNAi-transfected  MCF7  cells  were  tested  for  Gx/S  or 
G2/M  checkpoint  control.  In  both  temporal  and  dose-response 
protocols  (Fig.  1,  D  and  E ,  respectively),  NFBD1  RNAi-trans- 
fected  MCF7  cells  are  partially  defective  in  G^/M  checkpoint, 
while  the  Gx/S  checkpoint  remains  intact  (Fig.  LF). 

NFBD1  Association  with  IR-induced  Foci  Has  Kinetics  Sim¬ 
ilar  to  y-H2AX  and  53BP1 — Previous  studies  showed  that  the 
DNA  damage  response  factors,  y-H2AX,  RAD51,  53BP1,  and 
CHK2  form  IRIF  at  sites  of  DSB  (Review  in  20).  The  kinetics  of 
recruitment  to  DSB  sites  is  useful  in  exploring  their  functional 
relationship.  As  high  dose  IR  treatment  may  mask  the  kinetics 
of  early  IRIF  formation  as  reported  previously  (13),  cells  were 
irradiated  with  1  Gy,  and  IR-induced  nuclear  foci  were  scored. 
Similar  to  y-H2AX  and  53BP1,  the  percentage  of  cells  with 
NFBD  1-positive  IRIF  increased  immediately  after  IR  treat¬ 
ment  and  diminished  quickly  after  60  min  (Fig.  2A),  implying 
that  these  proteins  have  nearly  identical  kinetics  of  foci  asso¬ 
ciation  and  participate  at  the  early  stages  of  DSB  response.  In 
contrast,  CHK2T68-positive  IRIF  peaked  within  30  min  after 
IR,  remained  at  high  levels  for  6  h,  after  which  they  slowly 
diminished  (Fig.  2A),  suggesting  that  phosphorylation  of 
Chk2T68  and/or  its  association  with  IRIF  is  a  later  event 
compared  with  that  of  NFBD  1,  53BP1,  or  y-H2AX.  RAD51-  and 
BRCAl-positive  foci  were  detected  at  a  much  later  stage  under 
conditions  of  low  dose  IR  exposure  (Fig.  2A). 

NFBD1  Is  Downstream  of  y -H2AX  and  Parallel  to  53BP1  in 
Early  Signal  Transduction  Hierarchy — To  determine  the  rela¬ 
tionship  of  NFBD1,  53BP1,  and  y-H2AX  in  early  responses  to 
DSB,  cells  transfected  with  plasmids  directing  expression 
H2AX,  NFBD1,  or  53BP1  siRNA  were  scored  for  IRIFs  positive 
for  each  protein.  In  the  H2AX  RNAi-transfected  cells,  NFBD1, 
similar  to  53BP1  (16),  was  not  detected  at  IRIF  (Fig.  2C).  In  the 
53BP1  RNAi-transfected  cells,  the  presence  of  NFBD1  in  IRIF 
was  unchanged  (Fig.  2 E).  Conversely,  in  NFBD1  RNAi-treated 
cells,  IRIFs  positive  for  53BP1  and  y-H2AX  was  not  altered 
(Fig.  2,  B  and  D).  These  results  suggest  that  H2AX  is  upstream 
and  is  required  for  the  recruitment  of  NFBD  1  and  53BP1  into 
the  DSB  signal  transduction  cascade.  However,  association  of 
NFBD1  and  53BP1  with  DSB  may  represent  two  independent 
events  downstream  of  H2AX. 

NFBD1  and  53BP1  Regulate  Chk2  Redundantly — The  func¬ 
tion  of  NFBD1  may  serve  as  an  adaptor  protein  similar  to  the 
part  played  by  yeast  Rad9  for  Rad53,  the  human  homologue  of 
Chk2.  To  directly  test  whether  NFBD1  has  a  role  in  regulating 
Chk2,  phosphorylation  of  Thr68  in  cells  transfected  with 
NFBD1  RNAi  was  assayed  by  Western  blotting  using  phospho¬ 
rylation  state-dependent  antibodies.  As  shown  in  Fig.  3,  A  and 
By  the  immunoreactivity  detected  with  these  antibodies  was 
partially  reduced  relative  to  total  Chk2  protein.  These  data  are 
comparable  with  the  partial  reduction  of  Chk2T28  phosphoryl¬ 
ation  observed  in  53BP1  RNAi-transfected  cells  (15—17).  Im- 
munoprecipitation  of  53BP1  could  efficiently  bring  down  Chk2 
(15).  This  observation  suggested  that  53BP1  might  act  as  an 
adaptor  that  facilitates  Chk2  phosphorylation.  Similarly,  Chk2 
can  be  reciprocally  co-immunoprecipitated  with  NFBD1  (Fig. 
3C).  Taken  together,  these  results  suggest  that  NFBD1  binds 
to  Chk2  and  mediates  its  phosphorylation. 

To  delineate  the  signaling  pathway  leading  to  Chk2  phos¬ 
phorylation,  Chk2T68-positive  IRIF  in  cells  transfected  with 


H2AX,  53BP1,  and  NFBD1  RNAi  expression  plasmids  were 
scored.  A  consistent  observation  is  that  H2AX  is  essential  for 
Chk2T68  association  IRIF.  However,  in  53BP1  or  NFBD1 
RNAi-treated  cells,  Chk2T68-positive  foci  were  only  partially 
reduced  (Fig.  4,  A  and  B).  Interestingly,  in  53BP1  and  NFBD1 
RNAi  double  transfected  cells,  CHK2T68-positive  IRIF  was 
reduced  to  a  level  comparable  with  H2AX  RNAi-transfected 
cells  (Fig.  4,  A  and  B).  These  results  suggest  that  NFBD1  and 
53BP1  redundantly  regulate  the  participation  of  the  phospho- 
rylated  Chk2T28  in  IR-induced  foci. 

In  response  to  DSBs,  NFBD1  and  53BP1  both  appear  to  play 
a  central  role  in  transducing  DNA  damage  signals  to  down¬ 
stream  effectors  by  serving  perhaps  as  adaptor  proteins  con¬ 
necting  the  upstream  signal  from  y-H2AX  to  the  downstream 
effector  Chk2  (Fig.  4C).  This  model  is  consistent  with  the  role  of 
Rad9  function  in  budding  yeast.  In  yeast,  Rad9  is  an  adaptor 
protein  that  plays  a  central  role  in  transducing  and  amplifying 
DNA  damage  signals  by  recruiting  transducer  kinase  Rad53  to 
DNA  sites  of  double  strand  breaks  (7, 8).  Chk2  is  a  major  target 
of  ATM,  which  phosphorylates  threonine  68  to  activate  its 
kinase  activity  in  response  to  DNA  damage.  Activated  Chk2,  in 
turn,  phosphorylates  p53  at  Ser20,  CDC25A  at  Ser123,  and 
CDC25C  at  Ser216,  contributing  to  the  G^S,  S,  and  G2/M  check¬ 
point  (see  review  in  Ref.  21).  The  critical  question  of  how 
adaptor  proteins  help  mediate  activation  of  Chk2  at  DSB  sites 
remains  to  be  solved.  Our  results  showing  redundancy  of 
NFBD1  and  53BP1  in  regulating  the  recruitment  of  Chk2T68 
to  DNA  DSB  sites  probably  unders cores  the  importance  of  this 
step  in  mammalian  cells.  Because  of  the  dissimilarity  of  their 
structures  (9, 10),  it  is  anticipated  that  NFBD1  and  53BP1  may 
also  function  in  different  branching  pathway. 
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